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PROJECTION OBJECTIVE OP A

MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS

BACKGROUND OF THE INVENTION

1 . Field of the Invention

The invention relates to projection objectives of micro-

lithographic projection exposure apparatus. Such appara-

tus are used for the production of large-scale integrated

circuits and other microstructured components. The inven

tion relates in particular to projection objectives com

prising a manipulator for reducing rotationally asymmet¬

ric image errors .

2 . Description of Related Art

Microlithography (also called photolithography or simply

lithography) is a technology for the fabrication of inte

grated circuits, liquid crystal displays and other micro-

structured devices. The process of microlithography, in

conjunction with the process of etching, is used to pat¬

tern features in thin film stacks that have been formed

on a substrate, for example a silicon wafer. At each

layer of the fabrication, the wafer is first coated with

a photoresist which is a material that is sensitive to

radiation, such as deep ultraviolet (DUV) light. Next,

the wafer with the photoresist on top is exposed to pro-



jection light through a mask in a projection exposure ap¬

paratus. The mask contains a circuit pattern to be pro

jected onto the photoresist. After exposure the photore

sist is developed to produce an image corresponding to

the circuit pattern contained in the mask. Then an etch

process transfers the circuit pattern into the thin film

stacks on the wafer. Finally, the photoresist is removed.

Repetition of this process with different masks results

in a multi-layered microstructured component.

A projection exposure apparatus typically includes an il

lumination system, a mask alignment stage for a aligning

the mask, a projection lens and a wafer alignment stage

for aligning the wafer coated with the photoresist. The

illumination system illuminates a field on the mask that

may have the shape of an rectangular slit or a narrow

ring segment.

In current projection exposure apparatus a distinction

can be made between two different types of apparatus. In

one type each target portion on the wafer is irradiated

by exposing the entire mask pattern onto the target por

tion in one go; such an apparatus is commonly referred to

as a wafer stepper. In the other type of apparatus, which

is commonly referred to as a step-and-scan apparatus or

scanner, each target portion is irradiated by progres-

sively scanning the mask pattern under the projection

light beam in a given reference direction while synchro¬

nously scanning the substrate parallel or anti-parallel



to this direction. The ratio of the velocity of the wafer

and the velocity of the mask is equal to the magnifica¬

tion of the projection lens, which is usually smaller

than 1 , for example 1:4.

It is to be understood that the term "mask" (or reticle)

is to be interpreted broadly as a patterning means . Com¬

monly used masks contain transmissive or reflective pat

terns and may be of the binary, alternating phase-shift,

attenuated phase-shift or various hybrid mask type, for

example. However, there are also active masks, e.g. masks

realized as a programmable mirror array. An example of

such a device is a matrix-addressable surface having a

viscoelastic control layer and a reflective surface. More

information on such mirror arrays can be gleaned, for ex-

ample, from US Pat. No. 5,296,891 and US Pat. No.

5,523,193. Also programmable LCD arrays may be used as

active masks, as is described in US Pat. No. 5,229,872.

For the sake of simplicity, the rest of this text may

specifically relate to apparatus comprising a mask and a

mask stage; however, the general principles discussed in

such apparatus should be seen in the broader context of

the patterning means as hereabove set forth.

One of the essential aims in the development of projec

tion exposure apparatus is to be able to lithographically

generate structures with smaller and smaller dimensions

on the wafer. Small structures lead to high integration

densities, which generally has a favorable effect on the



performance of the microstructured components produced

with the aid of such apparatus.

The size of the structures which can be generated depends

primarily on the resolution of the projection objective

being used. Since the resolution of projection objectives

is inversely proportional to the wavelength of the pro

jection light, one way of increasing the resolution is to

use projection light with shorter and shorter wavelengths

The shortest wavelengths currently used are 248 nm, 193

nm or 157 nm and thus lie in the (deep) ultraviolet spec

tral range.

Another way of increasing the resolution is based on the

idea of introducing an immersion liquid with a high re

fractive index into an immersion interspace, which re-

mains between a last lens on the image side of the pro

jection objective and the photoresist or another photo

sensitive layer to be exposed. Projection objectives

which are designed for immersed operation, and which are

therefore also referred to as immersion objectives, can

achieve numerical apertures of more than 1 , for example

1.4 or even higher.

The correction of image errors (i.e. aberrations) is be

coming more and more important for projection objectives

with particularly high resolution. Many ways in which im-

age errors can be corrected in projection objectives are

known in the prior art.



The correction of rotationally symmetric image errors is

comparatively straightforward. An image error is referred

to as being rotationally symmetric if the wavefront de¬

formation in the exit pupil is rotationally symmetric.

The term wavefront deformation refers to the deviation of

a wave from the ideal aberration-free wave. Rotationally

symmetric image errors can be corrected, for example, at

least partially by moving individual optical elements

along the optical axis.

Correction of those image errors which are not rotation-

ally symmetric is more difficult. Such image errors occur,

for example, because lenses and other optical elements

heat up rotationally asymmetrically. One image error of

this type is astigmatism, which may also be encountered

for the field point lying on the optical axis. Causes of

rotationally asymmetric image errors may, for example, be

a rotationally asymmetric, in particular slit-shaped, il

lumination of the mask, as is typically encountered in

projection exposure apparatus of the scanner type. The

slit-shaped illumination field causes a non-uniform heat¬

ing of the optical elements, and this induces image er¬

rors which often have a twofold symmetry.

However, image errors with other symmetries, for example

threefold or fivefold, or image errors characterized by

completely asymmetric wavefront deformations are fre

quently observed in projection objectives. Completely

asymmetric image errors are often caused by material de-



fects which are statistically distributed over the opti

cal elements contained in the projection objective.

In order to correct rotationally asymmetric image errors,

US Pat. No. 6,338,823 Bl proposes a lens which can be se-

lectively deformed with the aid of a plurality of actua

tors distributed along the circumference of the lens.

Since the two optical surfaces of the deformable lens are

always deformed simultaneously, the overall corrective

effect is obtained as a superposition of the individual

effects caused by the two deformed optical surfaces. This

is disadvantageous because it is thereby very difficult

to correct a particular wavefront deformation, which is

determined by measurements or simulation, and has been

generated by the other elements of the projection objec-

tive. The individual effects of the two deformed surfaces

furthermore partially compensate for each other, so that

the lens has to be deformed quite strongly in order to

obtain a sufficient corrective effect.

US Pat. Appl. No. 2001/0008440 Al discloses a manipulator

suitable to correct image errors for a projection objec

tive, in which two membranes or thin plane-parallel

plates enclose a cavity. The membranes or plates can be

deformed by varying the pressure of a fluid (a gas or a

liquid) contained in the cavity. A rotationally asymmet-

ric deformation can be achieved by rotationally asymmet¬

ric framing of the membranes or plates. A disadvantage

with this known manipulator, however, is that only the



fluid pressure is available as a variable parameter. This

implies, for example, that the symmetry of the deforma

tion is once and for all fixed by the framing of the mem

branes or plates and thus cannot be changed.

WO 2006/053751 A2 discloses various adjustable manipula

tors for reducing a field curvature. In some embodiment

optical elements such as lenses or membranes are deformed

by changing the pressure of liquids adjacent the optical

elements .

US Pat. No. 5,665,275 discloses a prism which has a vari

able prism angle. A variation of the prism angle is

achieved using two plane-parallel plates which can be mu

tually deflected via a deformable connecting ring. The

interspace defined by the plates and the connecting ring

is filled with an organic liquid. The connecting ring is

deformed by an actuator engaging on it. This device is

particularly suited for an anti-vibration optical system

in a photographic system.

US Pat. No. 5,684,637 discloses a spectacle lens having a

cavity which is filled with a liquid. For the correction

of rotationally asymmetric image errors, for example

astigmatism, deformable membranes are provided that have

a non-circular circumference. Since always a plurality of

optical surfaces are simultaneously deformed by changing

the pressure of the liquid, it is difficult to widely



correct a certain (measured) wavefront deformation with

out introducing a plurality of other deformations .

There are many other liquid lenses in the prior art hav¬

ing deformable lens surfaces for changing the focal

length. With these known liquid lenses the deformation is

always rotationally symmetric, and hence they are not

suitable for correcting rotationally asymmetric image er¬

rors. Examples of such variable focal length lenses can

be found in Japanese Pat. Appls. JP 811 4703 A , JP 2002

131 513 A and JP 2001 013 306 A , in EP 0 291 596 Bl and

in US Pat. No. 4,289,379.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a

projection objective of a microlithographic projection

exposure apparatus, which has a manipulator for reducing

rotationally asymmetric image errors. More particularly,

the manipulator shall have a simple design and shall make

it possible to correct a large variety of rotationally

asymmetric field or pupil related image errors.

According to the invention, this object is achieved by a

projection objective having a manipulator, which com

prises :

a ) a first optical element of a refractive type,
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b ) a second optical element,

c ) an interspace formed between the first optical ele¬

ment and the second optical element,

d ) a liquid filling the interspace, and

e ) at least one actuator which is coupled to the first

optical element such that operation of the at least

one actuator causes a rotationally asymmetric de

formation of the first optical element

Since the at least one actuator acts exclusively on the

first optical element, the at least one actuator deforms

both surfaces of the first optical element without simul¬

taneously causing an (at least generally) undesired de

formation of the second optical element. However, one

surface of the first optical element contacts the liquid,

and thus a deformation of this surface has only a very

small optical effect if the ratio of the refractive index

nE of the first optical element and the refractive index

nL of the liquid is close to 1 . With a refractive index

ratio nE/nL = 1 , a deformation of this surface has no op-

tical effect at all.

deformation of the first optical element by the at

least one actuator therefore changes only the optical ef

fect of the other surface of the first optical element,

i.e. the surface pointing away from the liquid. This is



true exactly for a refractive index ratio nE/nL = 1 , but

is at least substantially true with a refractive index

ratio nE/nL ~ 1 , for example 0.99 < nE/nL < 1.01. Even

with a larger or smaller refractive index ratio, for ex-

ample nE/nL = 1.1 or 0.9, there is a substantial reduc

tion of the optical effect at the interface between the

liquid and the optical element if compared to a situation

where the deformed first optical element is surrounded by

a gas having a refractive index of 1 . For the sake of

simplicity and conciseness it is therefore assumed that

the refractive index ratio nE/nL equals 1 .

Since the manipulator makes it possible to deform effec

tively only one single optical surface, the corrective

effect can be adjusted much better. The generally unde-

sired superposition of the optical effects caused by two

simultaneous deformations, as always occurs in the prior

art, is avoided.

The use of one or more actuators is a significant advan

tage in comparison to prior art solutions. This is be-

cause only the provision of actuators fully exploits the

potential and design freedom of a single deformable opti

cal surface. With prior art manipulators, in which opti

cal surfaces are deformed only by changing the liquid

pressure, it is not possible to produce complicated and

varying deformations of this optical surface. However,

according to the present invention it may be envisioned



to additionally change the pressure of the liquid for

modifying the deformation.

By suitably arranging and driving the actuators, it is

thus possible to correct not only simple rotationally

asymmetric wavefront deformations, but even fairly com¬

plex wavefront deformations which can be mathematically

described as a superposition of higher Zernike polynomi

als .

In this context, the term "liquid" is also intended to

include highly viscous gels or the like. The liquid must

merely have the property that it is sufficiently trans

parent at the wavelength of the projection light and does

not (substantially) transmit a deformation of the first

optical element onto the second optical element.

The term "deformation" is meant to denote the difference

between two shapes of the first optical element in two

different actuation states of the one or more actuators.

Therefore a rotationally asymmetric deformation does not

necessarily imply that the first optical element is non-

rotationally deformed after changing the actuation states

For example, the first optical element may have a rota¬

tionally asymmetric shape before, and the actuator de¬

forms the first optical element such that it receives a

rotationally symmetric shape.



The term "rotationally asymmetric" is used herein in the

sense of "not axisymmetric" . Thus a shape is referred to

as being rotationally asymmetric if rotation around a

reference axis around an arbitrary angle results in a

different shape. A shape is referred to as having an in

fold (rotational) symmetry if there are only m angles for

which a rotation around the reference axis results in the

same shape. A shape having an m-fold rotational symmetry

is therefore nevertheless rotationally asymmetric in this

sense.

The first optical element of the manipulator may be de¬

signed as a plane-parallel plate. Such a plane-parallel

plate is highly suitable as a deformable element because

it is then simpler to calculate the forces that must act

externally on the plate in order to generate a desired

deformation. The thinner such a plane-parallel plate is,

the smaller these forces are. A very thin plate, however,

may have the disadvantage that gravity disadvantageously

bends the plate, and a very thin plate may possibly even

react too sensitively to the application external forces .

Plate thicknesses in the range of a few millimeters have

therefore been found to be particularly favorable, al

though this in no way precludes the use of thinner or

thicker plates or of thin membranes (pellicles) as de-

formable first optical element.

The interspace which can be filled with a liquid may have,

in a direction along an optical axis of the projection



objective, a maximum thickness of less than 1 mm, and

preferably less than 2 µm . A small amount of liquid has

the advantage that pressure or temperature variations in

the liquid affect the optical properties of the manipula-

tor less strongly.

Depending on the number, arrangement and design of the

actuators acting on the first optical element, any defor

mations of the first optical element can be achieved

within wide limits. In order to correct image errors,

however, it is usually sufficient to generate deforma¬

tions having an m-fold symmetry or a superposition of a

plurality of m-fold symmetries, where m = 2 , 3 , 4 ,

In principle, the at least one actuator may engage on the

first optical element in the ways known in the prior art.

If the at least one actuator exerts tensile or compres

sive forces on the first optical element in the radial

direction, as is described in EP 0 678 768 A , then the

thickness of the first optical element will be changed

rotationally asymmetrically without substantial bending

being caused. Often a bending of the first optical ele

ment is more desirable, which implies that the actuators

are configured to exert bending moments on the first op¬

tical element. The application of forces in a direction

other than the radial direction is described in more de-

tail in US Pat. No. 6,388,823 Bl.



For rotationally asymmetric image errors which are caused

by a slit-shaped illumination field, the symmetry of the

image errors and therefore the symmetry of the deforma

tions required for the correction can be predicted very

well. The actuators may then be arranged along a circum

ference of the first optical element and distributed at

the appropriate positions. If the manipulator is also

meant to correct other image errors, the symmetry of

which is not known beforehand, then it is expedient to

configure the actuators such that at least two deforma

tions of the first optical element can be generated with

different symmetry.

The second optical element may be of a reflective type

(i.e. a mirror) . In general, however, the second optical

element will be a further refractive optical element

which may be curved on one or both sides so as to form a

lens, or it may also be designed as a plane-parallel

plate. Actuators may also engage on the second optical

element in order to generate an additional deformation.

This deformation may be rotationally symmetric or asym

metric .

In order to achieve optimal decoupling of the first opti¬

cal element from the second optical element, the manipu

lator may have a pressure equalizer for maintaining a

constant pressure of the liquid in the immersion space.

In the event of a deformation of the first optical ele

ment, this prevents compressive forces from being trans-



mitted through the liquid onto the second optical element,

where they may cause an undesired deformation.

In the simplest case, the pressure equalizer is a pres¬

sure equalizing container which communicates with the in-

terspace through a sealed channel. A liquid level is

formed against a surrounding gas volume in the pressure

equalizing container. If the volume of the interspace is

increased in the event of a deformation of the first op¬

tical element, then liquid can flow in from the equaliz-

ing container. In the event of a volume reduction, liquid

flows back through the channel into the equalizing con

tainer. The pressure in the interspace is then equal to

the surrounding gas pressure plus the hydrostatic pres¬

sure of the liquid in the equalizing container.

If the manipulator is arranged in or in close vicinity of

a pupil plane of the projection objective, the same cor¬

rective effect can be achieved for all field points. The

manipulator lies in the vicinity of a pupil plane when

the deformable surface of the first optical element has a

vertex lying at a distance from a pupil plane such that

hcr/hmr < 0.5. Here, hcr is the height of a central ray

which passes through the object plane at a maximal dis

tance from the optical axis, on the one hand, and through

the middle of the pupil plane, on the other hand. The

value hmr is defined as the height of a marginal ray

which passes through the object plane on the optical axis,

on the one hand, and through the pupil plane at its mar-



gin, on the other hand. The deformable surface of the

first optical element is referred to of being arranged in

the immediate vicinity of a pupil plane when hcr/hmr <

0.15.

However, the manipulator may egually be arranged at other

positions within the projection objective. For correcting

field dependent image errors such as field curvature, the

manipulator should be arranged in or close to a field

plane, for example the object or image plane of the pro-

jection objective. If the projection objective has an in

termediate image plane, this would be an ideal position

for a manipulator correcting field dependent image errors

In an advantageous embodiment the actuator is fastened to

a front or a rear surface of the first optical element.

The actuator is configured to produce on the first opti

cal element compressive and/or tensile forces along di¬

rections that are at least substantially tangential to

the surface. Such an actuator is advantageous because it

does not require an additional rigid body on which the

actuator rests.

Such an actuator may be realized as a layer which is sup¬

plied to the surface. The layer has a variable dimension

along at least one direction tangential to the surface.

Layers having such a property may be formed, for example,

by piezo electric materials, or by materials having a

coefficient of thermal expansion that is different from



the coefficient of thermal expansion of the first optical

element .

In the latter case the temperature of the material may be

controllably changed with the help of a device that may

be configured to direct radiation onto the layer, or to

apply a voltage to the layer, for example.

A wide variety of deformations may be produced with a

plurality of layer actuators having the shape of ring

segments. The ring segments form a circular ring which is

centered with respect to an optical axis of the projec¬

tion objective.

Thin actuator layers furthermore are particularly suit

able to distribute the actuators over an optical surface

within an area through which projection light propagates.

If such actuators are opaque at the wavelength of the

projection light, the manipulator has to be arranged in

or in close proximity to a pupil plane of the projection

objective. If the actuators are at least substantially

transparent at the wavelength of the projection light,

also positions outside a pupil plane may be contemplated.

It is to be understood that the aforementioned (layer)

actuator producing compressive and/or tensile forces may

advantageously be used also in other kind of optical ma¬

nipulators, for example manipulators which do not contain

liquids and/or which produce only symmetric deformations .



According to another embodiment of the invention, one or

more additional sensors are fastened to a front or rear

surface of the first optical element. The sensors are

configured to measure a deformation of the first optical

element produced by the actuator. Other devices that

measure the deformation and/or the forces producing the

deformations are contemplated as well.

In another advantageous embodiment a plurality of actua¬

tors are distributed over an area, through which projec-

tion light is allowed to propagate, of a surface of the

first optical element which is opposite to a surface

which is in contact with the liquid. In this way the ac

tuators do not get in the contact with the liquid, and

thus undesired interactions between the liquid and the

actuators are prevented. If the actuators are formed by

layer actuators, they do not require another transparent

optical member to rest on. If conventional actuators are

used, a rigid optical element of a refractive type may be

provided on which the plurality of actuators rest.

The variety of possible deformations may be further in

creased by providing a further interspace formed between

the second optical element and a third optical element.

Both the second optical element and the third optical

element are of a refractive type. Means, for example a

further actuator coupled to the third optical element,

are provided for deforming the third optical element. The

deformation of the third optical is preferably, but not



necessarily, rotationally asymmetric as well. Such a con

figuration may also be advantageous if the interspaces

are not filled by a liquid, but by gases.

In addition to the actuators, the pressure of the liquid

may be used for causing a deformation of the first opti

cal element. To this end a device for changing the pres¬

sure of the liquid, such as a pump or a deformable mem¬

brane, may be used. This concept is also applicable if a

gas is used instead of the liquid.

The first optical element may have a shape in its unde-

formed state which is rotationally asymmetric. If the

pressure of the adjacent liquid is changed, this will

cause a rotationally asymmetric deformation that may cor

rect rotationally asymmetric wavefront deformations. A

rotationally asymmetric shape of the first optical ele

ment may also be useful, however, if it is (solely) de

formed with the help of actuators .

The rotationally asymmetric shape may either be the re

sult of a rotationally asymmetric contour or of a thick-

ness distribution which is, in the undeformed state of

the first optical element, rotationally asymmetric. In

the latter case it may be advantageous if the first opti

cal element has a first surface which is in contact to

the liquid and has a rotationally asymmetric shape. A

second surface opposite the first surface has a rotation-

ally symmetric shape. In its undeformed state such a



first optical element has a rotationally symmetric opti

cal effect, because the rotationally asymmetric surface

is in contact to the liquid and thus does not (substan

tially) contribute to the overall optical effect.

Also this concept of providing a rotationally asymmetric

thickness distribution may be advantageously used with

other kinds of manipulators, for example manipulators in

which the interspace is not filled by a liquid, but by a

gas, or in which deformations are only caused by gas

pressure changes .

In order to drive the at least one actuator, the projec

tion exposure apparatus may comprise a controller which

is connected to a sensor arrangement in order to deter

mine the image errors. The sensor arrangement may, for

example, comprise a CCD sensor which can be positioned in

an image plane of the objective or in a field plane con

jugate therewith. The manipulator, the controller and the

sensor arrangement may together form a closed feedback

loop.

BRIEF DESCRIPTION OF THE DRAWINGS

Various features and advantages of the present invention

may be more readily understood with reference to the fol

lowing detailed description taken in conjunction with the

accompanying drawing in which:



FIG. 1 is a meridional section in a highly schematized

representation through a projection exposure ap¬

paratus according to the invention, with a pro¬

jection objective and a manipulator arranged

therein for correcting rotationally asymmetric

image errors;

FIG. 2 is an enlarged simplified meridional section

along line II-II through the manipulator of FIG.

1 ;

FIG. 3 is a view from below of the manipulator shown in

FIG. 2 ;

FIG. 4 is a meridional section through the manipulator

of FIGS. 2 and 3 with its deformable optical

element in a deformed state;

FIG. 5 is a meridional section through a manipulator

according to another embodiment, in which the

liquid-filled interspace is formed between

lenses having curved surfaces;

FIG. 6 is a meridional section along line VI-VI through

a manipulator according to another embodiment

comprising actuator layers;

FIG. 7 is a view from below of the manipulator shown in

FIG. 6 ;



FIG. 8 is a view from below of a manipulator according

to another embodiment comprising actuator layers

distributed over the entire optical surface;

FIG. 9 is a meridional section through a manipulator

according to another embodiment wherein actua

tors are immersed in a liquid;

FIG. 10 is a meridional section along line X-X through a

manipulator according to still another embodi¬

ment comprising actuators that are distributed

over the entire optical surface, but outside an

interspace filled with liquid;

FIG. 11 is a view from below of the manipulator shown in

FIG. 10;

FIG. 12 is a meridional section along line XII-XII

through a manipulator according to another em

bodiment comprising two deformable optical ele

ments ;

FIG. 13 is a view from below of the manipulator shown in

FIG. 12;

FIG. 14 shows the manipulator of FIGS. 12 and 13 with

deformed optical surfaces;



FIG. 15 is a meridional section through a manipulator

according to another embodiment in which defor

mations are also caused by pressure variations;

FIG. 16 is a meridional section through a manipulator

according to still another embodiment comprising

a deformable member having a rotationally asym¬

metric shape;

FIG. 17 is a meridional section through a manipulator

according to still another embodiment comprising

a flexible membrane separating two fluids from

each other;

FIG. 18 is a meridional section through a manipulator

according to a still further embodiment compris

ing a member which is deformable both by pres-

sure variations and actuators .

DESCRIPTION OF PREFERRED EMBODIMENTS

FIG. 1 shows, in a highly schematized meridian section, a

microlithographic projection exposure apparatus 10 in a

projection mode. The projection exposure apparatus 10

comprises an illuminating system 12 for generating pro

jection light 13. The illumination system 12 contains a

light source 14, illumination optics 16 and a field stop

18. The illumination optics 16 make it possible to set

different illumination angle distributions.



The projection exposure apparatus 10 further comprises a

projection objective 20, which contains an aperture stop

AS and a plurality of optical elements. For the sake of

clarity, only a few optical elements are schematically

illustrated in FIG. 1 and denoted by Ll to L6. The pro

jection objective 20 projects a reduced image of a mask

24, which is arranged in an object plane 22 of the pro

jection objective 20, onto a photosensitive layer 26

which is arranged in an image plane 28 of the projection

objective 20. The photosensitive layer 26 may be formed

by a photoresist applied on a wafer 30.

The optical elements Ll, L2 and L3 are provided with ac

tuator systems Al, A2 and A3 (indicated only schemati

cally) which can change the optical effect of the optical

elements Ll, L2 or L3 . In this embodiment the optical

element Ll is a biconvex lens that can be moved within

the XY plane with a high accuracy by the actuator system

Al. The actuator system A2 makes it possible to change

the position of the optical element L2, which is a bicon-

vex lens, too, along the direction perpendicular thereto,

i.e. along the Z axis. The optical element L3 is a plane-

parallel plate that forms, together with the actuator

system A3, a manipulator Ml which will be explained in

more detail below with reference to FIGS. 2 to 4.

The actuator systems Al to A3 are connected via signal

lines 341 to 343 to a controller 36 that individually

controls the actuator systems Al to A3. To this end, the



controller 36 comprises a computer 38 that determines

which control instructions should be communicated to the

actuator systems Al to A3 in order to improve the imaging

properties of the projection objective 20.

The projection objective 20 represented here by way of

example is assumed to be telecentric on the image side.

This means that the exit pupil lies at infinity. The term

exit pupil refers to the image-side image of the aperture

stop AS. In FIG. 1 , rays Rl, R2 represented by dots indi-

cate how points in a pupil plane 32, in which the aper

ture stop AS is arranged, are imaged at infinity by the

subsequent optical elements L4 to L6.

Even with careful mounting and adjustment of the projec

tion objective 20, it will generally have image errors

which degrade the imaging of the mask 24 onto the photo

sensitive layer 26. There may be various causes of the

image errors .

On the one hand, there are image errors which result from

the design of the projection objective 20, i.e. in par-

ticular from the specification of the dimensions, materi

als and spacings of the optical elements contained in the

projection objective 20. One example of this is the in¬

trinsic birefringence of calcium fluoride (CaF2), which

becomes increasingly noticeable at wavelengths shorter

than 200 nm. The effect of birefringence is generally

that the polarization state of the projection light



changes in an undesirable way when it passes through the

birefringent material.

On the other hand, there are image errors which are at

tributable to production or material defects . Generally

this kind of image errors can only be corrected once the

projection objective has finally been mounted. Examples

of production defects include so-called form defects, i.e.

deviations from a real surface from the shape specified

by the designer. Material defects do not, at least gener-

ally, affect the condition of refractive or reflective

surfaces, but usually lead to inhomogeneous refractive

index profiles or locally varying birefringence proper

ties inside the optical elements. Material defects may be

due to imperfections of the materials from which the op-

tical elements are made. Sometimes, however, these de

fects are not present at the beginning, but occur after

many hours or months of operation. Often this kind of ma

terial defects is caused by the high-energy projection

light that irreversibly compacts the lens material.

There are also image errors which do not occur until dur

ing the projection operation but are reversible in nature,

and therefore recede after the end of the projection op

eration. The most important cause of such image errors is

the heat input by projection light. This heat absorbed by

the lens or mirror material often leads to an inhomogene¬

ous temperature distribution and therefore also to a de

formation of the optical elements. The deformation is



usually not rotationally symmetric, but often has an in

fold symmetry where m = 2 , 3 , 4 , .... As stated above, an

m-fold symmetry means that the optical element has its

original shape again after a rotation through 360°/m. For

projection exposure apparatus in which the mask is illu

minated by a slit-shaped illumination field, m is often 2

Form defects and deformations of the optical elements

lead to wavefront deformations, i.e. deviations from the

ideal waveform in the exit pupil. In the following it is

described how such wavefront deformations can be at least

partially corrected with the manipulator Ml .

First, the projection exposure apparatus is converted

from a projection mode into a measurement mode. A

shearing interferometer 40, which allows very rapid

analysis of the imaging properties of the projection ob

jective 20, is integrated into the projection exposure

apparatus 10. The shearing interferometer 40 uses the il

lumination system 12 and a special test mask. When the

projection exposure apparatus is converted into the meas-

urement mode, the test mask is introduced into the object

plane 22 of the projection objective with the aid of a

first displacement device 45 which is usually referred to

as a reticle stage. The test mask thus replaces the mask

24 that shall finally be projected. With a second dis-

placing device 42 (wafer stage) for moving the wafer 30

parallel to the image plane 28, the wafer 30 is replaced

by a diffraction grating. Other parts of the shearing in-



terferometer 40, i.e. a photosensitive sensor 44 which

may for example be a CCD chip, are arranged inside the

displacing device 42 . The function of the shearing inter

ferometer 40 is known as such in the art, see, for exam-

pie, US 2002/0001088 Al, and will therefore not be de¬

scribed in further detail. For selected field points, the

shearing interferometer 40 makes it possible to determine

the wavef ront in the exit pupil . The greater the image

errors in the projection objective 20 are, the more the

wavefront measured for a field point will deviate from

the ideal waveform in the exit pupil .

As a matter of course, any other of the plurality of

known devices and methods for determining image errors

may be used instead or additionally to the shearing in-

terf erometer 40.

In the embodiment shown, it is assumed that a wavefront

deformation due to an astigmatic image error can be de

scribed in the exit pupil (for a particular field point)

by a Zernike polynomial Z5. Such a wavefront deformation

with twofold symmetry cannot generally be corrected by

the optical elements Ll and L2 which can be moved with

the aid of the actuators Al and A2 .

The computer 38 in the controller 36 of the projection

exposure apparatus 10 now compares the measured actual

wavefront profile with a stored target wavefront profile

in a comparator 46 and, on the basis of any deviations



found, calculates a suitable bending of the optical ele

ment L3 so that the wavefront deformations are reduced

for the field point in question. The calculated bending

leads to wavefront deformations which are complementary

with the measured wavefront deformations and therefore

compensate for them. Preferably these calculations are

repeated for a plurality of field points, and a shape of

the optical element L3 is determined that reduces, on the

average using a certain averaging function (arithmetic,

quadratic or with weighting coefficients, for example),

the measured wavefront deformations for all contemplated

field points. The actuator A3 is then controlled such

that a compensating deformation with an opposite effect

is imposed on the wavefronts in the projection objective

20.

The structure of the manipulators Ml will be explained in

more detail below with reference to FIGS. 2 and 3 , which

show the manipulator Ml on an enlarged scale in a merid¬

ian section along the line II-II and a view from below,

respectively.

The manipulator Ml comprises a first plane-parallel plate

50 and a second plane-parallel plate 52, arranged in par

allel and spaced apart by a small distance. The two

plates 50, 52 each consist of a material which is trans-

parent at the wavelength λ of the projection light. For a

wavelength λ = 193 nm, an example of a suitable material

for the plates 50, 52 is synthetic quartz glass which has



a refractive index nSl02 of approximately 1.56. Materials

such as LiF, NaF, CaF 2 or MgF 2 are also suitable. For a

wavelength λ = 157 nm, materials such as CaF 2 or BaF 2

should be used because synthetic quartz glass is not suf-

ficiently transparent at these short wavelengths .

The two plates 50, 52 are framed so that an interspace 54

remaining between them is sealed in a fluid-tight fashion

In the sectional representation of FIG. 2 , a first frame

56 for the first plate 50 and a second frame 58 for the

second plate 52 are represented in a simplified way as

annular frames which are kept apart by an intermediate

ring 60. The intermediate ring 60 contains seals (not

shown in detail) which ensure fluid-tight closure of the

interspace 54.

The interspace 54 is completely filled with a liquid 62.

In the embodiment shown, the interspace 54 has a rela

tively large height for the sake of clarity. However, it

is often more favorable for the two plates 50, 52 to be

separated from each other merely by a liquid film. The

thickness of the film, measured along the direction of an

optical axis OA of the projection objective, may be as

small as about 2 µm .

The liquid 62 may, for example, be highly pure deionized

water which has a refractive index nH2o of approximately

1.44 at a temperature of 22°C. If the second plate 52

consists of quartz glass, then the refractive index ratio



V = nS o2/nH2o t the upper optical surface 64 of the sec

ond plate 52 in FIG. 1 is less than 1.01, which corre

sponds to a relative refractive index difference of 1%.

Owing to this refractive index ratio V of close to 1 at

the upper surface 64 of the second plate 52, the upper

surface 64 has only a minimal optical effect. The effect

of the upper optical surface 64 can be reduced even fur

ther by bringing the refractive indices of the liquid 62

on the one hand, and the material of the second plate 52

on the other hand, even closer to each other. If water is

used as the liquid 62 and, for example, LiF which has a

refractive index nLiF of approximately 1.44 at a wave

length of 193 nm is used as the material for the second

plate 52, then the relative refractive index ratio V =

nLiF/nH2o is less than 0.1 % .

Other substances may be envisioned as liquid 62 as well.

All liquids that have been proposed as immersion liquids

for microlithographic immersion objectives are princi

pally suitable, for example. Since the liquid 62 does not

get into contact with the photoresist or any other photo

sensitive layer 26, there are no restrictions as far com

patibility with the photoresist is concerned.

The interspace 54 is in communication with a reservoir 68

through a channel 66 formed in the intermediate ring 60.

The reservoir 68 is arranged so that the liquid level

lies above the interspace 54 when the projection objec

tive 20, with the manipulator Ml installed in it, is in



the operating state. In this way, the pressure of the

liquid 62 in the interspace 54 is equal to the sum of the

pressure of the surrounding gas volume and the hydro

static pressure which the liquid 62 generates in the res-

ervoir 68 .

The interspace 54 may also be connected to a drain chan

nel (not shown) through which the liquid 62 supplied from

the reservoir is drained. Both channels may be part of a

closed circulation system that contains purifying means

for purifying the liquid 62 and also temperature control

means for keeping the temperature of the liquid 62 at a

desired target temperature. The temperature of the liquid

62 may be controlled such that the refractive index ratio

V is as close to 1 as possible. Additionally or alterna-

tively, the temperature of the liquid 62 may be used as

an additional parameter for varying the optical effect

produced by the manipulator Ml.

On the other side from the intermediate ring 60, the sec

ond frame 58 for the second plate 52 is adjoined by a

holding ring 70 for actuators 711 to 718, which together

form the actuator system AS3. The distribution of the ac

tuators 711 to 718 over the circumference of the second

plate 52 can be seen more clearly in the view from below

in FIG. 3 . The actuators 711 to 718 are represented in a

simplified fashion as threaded pins, which are adhesively

bonded or connected in another way to the second plate 52

Via geared transmissions (not shown in detail) in the



holding ring 70, each individual threaded pin of the ac

tuators 711 to 718 can be moved independently of one an

other in the manner of a micrometer drive along the lon¬

gitudinal axis of the threaded pins with a very high ac-

curacy, as indicated by double arrows in FIG. 2 . The ac¬

tuators 711 to 718 can thereby exert bending moments on

the second plate 52, which lead to its deformation. The

shape of the deformation is determined by the way in

which the actuators 711 to 718 are arranged along the

circumference of the second plate 52, and by the direc

tion and size of the forces exerted on the second plate

52.

The representation of the actuators 711 to 718 as

threaded pins in FIGS. 2 and 3 is merely exemplary. Other

types of actuators, for example piezo elements, are gen

erally used in order to exert particularly fine-tuned

forces. Other examples of actuators will be described

further below with reference to FIGS. 6 to 10.

In the state represented in FIGS. 2 and 3 , it is assumed

that the actuators 711 to 718 are not exerting any bend

ing moments on the second plate 52 so that it has its

original configuration, which is plane-parallel in this

embodiment. If the actuators 711 and 715, which lie oppo

site each other in the meridian plane shown in FIG. 2 ,

are now actuated by screwing the threaded pins downward

out of the holding ring 70, then the second plate 52 will

bend as shown in FIG. 4 . The actuators 712 and 714, and



716 and 718, are readjusted accordingly so that they are

connected force-free to the second plate 52. In this

state as shown in FIG. 4 , the second plate 52 is deformed

in a saddle fashion with twofold symmetry. Such a defor-

mation is suitable for correcting a wavefront deformation

that can be described by the Zernike polynomial Z5, which

may be caused by a slit-shaped illumination field on the

mask 24 .

For the sake of clarity, the deformation of the second

plate 52 due to the actuators 711 to 718 is represented

greatly exaggerated in FIG. 4 . In fact, bending by about

500 or even a less than 50 nanometers may be sufficient

to achieve the desired wavefront deformation. This high

sensitivity is mainly due to the fact that, owing to the

refractive index ratio lying close to 1 , the upper opti

cal surface 64 of the second plate 52 does not compensate

for the optical effect which originates from the lower

optical surface 72.

The volume of the interspace 54 generally changes in the

event of a deformation of the second plate 52. With the

deformation shown in FIG. 4 , for example, a slight volume

increase of this volume takes place. In order to prevent

compressive forces exerted on the first plate 50 through

the fluid 62 during the deformation of the second plate

52, the liquid 62 is allowed to flow in from the reser

voir 68 through the channel 66.



The resultant lowering of the liquid level in the reser¬

voir 68 is represented exaggeratedly in FIG. 4 ; in fact,

the volume changes which occur are so small that the liq

uid level in the reservoir 68 changes only insignifi-

cantly. The hydrostatic pressure therefore remains almost

constant in the interspace 54 . This ensures that the sec¬

ond plate 52 can be deformed entirely independently of

the first plate 50 with the aid of the actuators 711 to

718.

If it is found during the analysis with the aid of the

shearing interferometer 40 that a different deformation

of the second plate 52 is necessary in order to correct

the image errors, then the controller 36 may suitably

drive the actuators 711 to 718 another way. A deformation

with threefold symmetry, for example, can be generated by

simultaneously actuating the actuators 712, 715 and 718,

which respectively make an angle of 120° between one an

other. The actuators 711, 714 and 716 angularly offset by

60° thereto may execute a corresponding countermovement .

It is furthermore possible to superpose a plurality of

deformations, so that even fairly complex wavefront de

formations can become corrected. To this end, the excur

sions of the individual actuators 711 to 718 are simply

added up .

FIG. 5 shows another embodiment for a manipulator denoted

in its entirety by M2 in a meridional section similar to

FIG. 2 . For like parts use is made of the same reference



numerals as in FIGS. 2 to 4, and for parts corresponding

to one another use is made of reference numerals aug

mented by 200. In the manipulator M2 the upper plane-

parallel plate 50 of the embodiment shown in FIGS. 2 to 4

is replaced by a thick meniscus lens 250, and the lower

plane-parallel plate 52 is replaced by a thin meniscus

lens 252. The liquid film in the interspace 254 is there

fore curved. The manipulator M2 consequently has, in its

entirety, the effect of a meniscus lens. The thick menis-

cus lens 250 may alternatively or additionally be de

formed. To this end, FIG. 5 indicates actuators 2711,

2712 which can generate bending moments in the thick me

niscus lens 250. The manipulator M2 therefore allows more

versatile correction of wavefront deformations.

FIGS. 6 and 7 show another embodiment of a manipulator M3

in a meridional section along line VI-VI and in a view

from below, respectively. For like parts the same refer

ence numerals as in FIGS. 2 to 4 are used, and for parts

corresponding to one another use is made of reference nu-

merals augmented by 300. The manipulator M3 is equally

suitable for being positioned within the projection ob¬

jective 20 close to the pupil plane 32 or at other posi

tions along the optical axis OA.

The manipulator M3 differs from the manipulators Ml and

M2 described above mainly in that it comprises a differ

ent kind of actuators that do not need to be supported on

a fixed and rigid counter member, such as the holding



ring 70 of the previous embodiments. More specifically,

the manipulator M3 comprises eight actuator layers 3711

to 3718 that solely rest on the lower optical surface 372

of the second plane-parallel plate 352. As can best be

seen in FIG. 7 , the actuator layers 3711 to 3718 have, in

the embodiment shown, the shape of ring segments that are

arranged close to the circumference of the second plate

352 such that they form a ring interrupted by slit-like

gaps. However, the segments of actuator layers 3711 to

3718 may also be configured such that they abut to adja

cent elements which results in a quasi-continuous actua

tor ring.

Each actuator layer 3711 to 3718 is formed in this em

bodiment by a piezo electric element. The crystals of the

piezo electric elements may be fixed to the lower surface

372 of the second plate 352 using additional connector

layers, glues, bonding, fusion bonding, solding or opti

cal contacting. Since the actuator layers 3711 to 3718

are arranged immediately adjacent the second frame 58,

electrical conductors for supplying an electrical voltage

to the piezo electric elements can be attached or re

ceived within the second frame 58.

The crystals of the piezo electric elements are aligned

such that, upon application of an electrical voltage,

tensile or compressive forces are produced by the actua¬

tor layers 3711 to 3718 along a tangential direction in¬

dicated by double arrows in FIG. 7 . The directions of the



forces therefore extend in a plane which is perpendicular

to the optical axis OA. This is different to the actua

tors 711 to 718 of the previous embodiments where forces

parallel to the optical axis OA are produced.

Since the actuator layers 3711 to 3718 are arranged only

on one side of the second plate 352, there will be an

asymmetric force distribution within the second plate 352

which causes its bending. This even holds true if the

forces produced by the actuator layers 3711 to 3718 are

substantially rotationally symmetric. The more actuator

layers being individually controllable are arranged

around the circumference of the second plate 352, the

more different deformations may be produced by the actua

tor layers. It is to be understood that the actuator lay-

ers 3711 to 3718 do not have to have the same geometry,

but may be adapted to specific desired deformations that

are required for correcting certain image errors.

Apart from not requiring the holding ring 70 or a similar

counter member, the actuator layers 3711 to 3718 are

flatter and therefore require less room within the pro

jection objective 20.

In an alternative embodiment, the actuator layers 3711 to

3718 are not formed by piezo electric elements, but by

layers having a coefficient of thermal expansion which is

different from the second plate 352. If such layers are

heated, for example by applying an electrical voltage or



by illumination with a laser beam, the change of length

of such layers results again in compressive or tensile

forces on the second plate 352 in a plane perpendicular

to the optical axis OA. Therefore the second plate 352

will deform as a result of the different coefficients of

thermal expansion.

If the manipulator M3 is part of a closed feedback con¬

trol loop, the second plate 352 may be deformed as long

as it is necessary to reduce the image errors below a

tolerable threshold. However, the correction process may

be accelerated if information is obtained how the second

plate 352 has been actually deformed by the actuator lay

ers 3711 to 3718. To this end sensors 380 may be arranged

on the upper optical surface 364 of the second plate 352

around its circumference in a similar way as the actuator

layers 3711 to 3718 are arranged on the lower optical

surface 372. The sensors 380 make it possible to measure

the deformation produced by the actuator layers 3711 to

3718. The measured thickness data produced by the sensors

380 are preferably supplied to the controller 36 so that

the actuator layers 3711 to 3718 may be adjusted to re

duce any differences between the measured deformations

and the calculated target deformation required for cor

recting the image errors.

The sensors 380 may also be formed by piezo electric ele

ments. These elements produce a voltage if they are sub¬

jected to compressive or tensile forces. Other kinds of



sensors 380 are contemplated as well, for example resis

tant strain gauges that change their electrical

resistance depending on the strain across the gauges.

As a matter of course, the positions of the actuator lay-

ers 3711 to 3718 and the sensors 380 may be reversed, i.e.

the actuator layers 3711 to 3718 may be applied to the

upper optical surface 364, and the sensors may be formed

on the lower optical surface 372. The choice on which

side these elements are applied may depend on the com-

patibility of the elements with the liquid 62.

In a still further alternative embodiment, actuator lay

ers are applied on both the upper optical surface 364 and

the lower optical surface 372. Such a configuration is

expedient if larger deformations o f the second plate 352

have to be available. For correcting stronger wavefront

deformations, as they are caused by asymmetric lens heat

ing, for example, the required deformations of the second

plate 352 may be as large as about 500 ran.

FIG. 8 is a view from below of a manipulator M 4 according

to a further embodiment of the invention. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 400. The manipulator M 4

is equally suitable for being positioned within the pro-

jection objective 20 close to the pupil plane 32 or also

at other positions along the optical axis OA. The manipu-



lator M4 differs from the manipulator M3 shown in FIGS β

and 7 in that a large plurality of actuator layers 471

are distributed over the entire lower surface 472 of the

second plate 452.

If the actuator layers 471 are not or only partially

transparent at the wavelength of the projection light,

the manipulator M4 has to be arranged in or in close

proximity to a pupil plane of the projection objective 20

The projection light absorbed by the actuator layers 471

will then cause a reduction of the light intensity in the

image plane 28 of the projection lens 20, but does not

produce image errors, as would be the case with an

arrangement further away from a pupil plane. In order to

keep the light losses small, the overall area of the ac-

tuator layers 471 should not exceed 30%, preferably 10%,

of the area of the plate 52 through which projection

light may propagate .

Light losses may be (at least substantially) avoided if

the actuator layers 471 and the necessary electrical wir-

ing (not shown in FIG. 8 ) are transparent at the wave

length of the projection light. In this case it may even

be envisaged to arrange the manipulator M 4 outside a pu¬

pil plane of the projection projective 20. Transparent

actuator layers 471 may be formed by crystalline quartz

elements that display a piezo electric effect. Electrical

wiring for the piezo electric elements may be made of in

dium tin oxide (ITO) which is transparent at wavelengths



below 200 nm. If the electrical wiring is formed by very

thin conductive stripes, also non-transparent conductive

materials such as aluminum may be used without substan

tially increasing light losses due to absorption by the

electrical wiring.

Since the actuator layers 471 are distributed over the

entire lower optical surface 472 of the second plate 452,

it is possible to produce almost any arbitrary deforma

tion of the second plate 452. The more actuator layers

471 are provided, the larger is the variety of deforma

tions that may be produced. The manipulator M4 therefore

makes it possible to correct also very complicated wave-

front deformations that can be adequately described only

with higher order Zernike polynomials.

In the embodiment shown in FIG. 8 the actuator layers 471

commonly form a Cartesian grid so that compressive and/or

tensile forces may be applied to the second plate 52 in

two orthogonal directions, as is indicated in FIG. 8 by

double arrows 482, 484. As a matter of course, other con-

figurations of the actuator layers 471 may be chosen de

pending on the expected image errors and the deformations

of the second plate 52 required for correcting those er

rors. For example, the actuator layers 471 may be formed

as stripes that radially extend from the optical axis OA

to the rim of the second plate 452. This configuration

may have an m-fold symmetry adapted to the symmetry of

the wavefront deformations that shall be corrected by the



deformation of the second plate 452. Another alternative

for a suitable configuration is to arrange stripes of ac

tuator layers so that a honeycombed pattern is obtained.

It should be noted that, although the embodiments de-

scribed hereinabove all contain a liquid adjacent to a

deformable optical surface, the principle of applying

thin actuator layers to a deformable optical surface may

be seen in a broader sense. Therefore thin actuator lay

ers may be applied also on those refractive or reflective

optical surfaces that are not in contact with a liquid.

FIG. 9 shows a manipulator M5 according to still another

embodiment in a meridional section similar to FIG. 2 . For

like parts the same reference numerals as in FIGS. 2 to 4

are used, and for parts corresponding to one another use

is made of reference numerals augmented by 500. The

manipulator M5 is equally suitable for being positioned

within the projection objective 20 close to the pupil

plane 32 or also at other positions along the optical

axis OA.

The manipulator M5 differs from the manipulator Ml shown

in FIGS. 2 to 4 mainly in that actuators 571 are not ar

ranged on the lower optical surface 572 of the second

plate 552, but on its upper optical surface 564. The ac

tuators 571 are therefore arranged within the interspace

554 and completely immersed in the liquid 62. Furthermore,

the actuators 571 are not arranged around the circumfer-



ence of the second plate 52, but distributed over its en¬

tire upper optical surface 564. Similar to the manipula

tor M4 shown in FIG. 8 , this implies that the manipulator

M5 should be, due to absorption caused by the actuators

571, arranged in or in close proximity to a pupil plane

of the projection objective 20. Apart from that the ac

tuators 571 should be either transparent at the wave¬

length of the projection light, or the overall area cov

ered by the actuators 571 should be kept small in order

to reduce light losses and to avoid problems caused by

heat resulting from light absorption.

The actuators 571 may be arranged in a grid-like fashion

on the upper optical surface 564 of the second plate 552

so that almost any arbitrary deformation of the second

plate 552 is achievable. The electrical wiring (not shown)

required for individually controlling the actuators 571

is preferably applied to the lower surface of the rigid

first plate 550 which does not significantly deform if

the actuators 571 are operated. This reduces the risk of

damages of the electrical wiring caused by deformations .

The actuators 571 may be realized as piezo electric ele¬

ments, for example made of crystalline quartz. The piezo

electric elements are oriented such that their length

along the optical axis OA varies in response to the ap-

plied voltage. Alternatively, elements may be used that

change their length along this direction depending on

their temperature. The temperature may be varied by an



electrical current flowing through these elements, or by

an external laser, for example.

FIGS. 10 and 11 show a manipulator Mβ according to still

another embodiment in a meridional section across line X-

X and in a view from below, respectively. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 600. The manipulator Mβ

is equally suitable for being positioned within the pro-

jection objective 20 close to the pupil plane 32 or also

at other positions along the optical axis OA.

The manipulator M β mainly differs from the manipulator M5

shown in FIG. 9 in that the actuators 671 are not dis

tributed within the interspace 654 which is filled with

the liquid 62. Instead, the actuators 671 are distributed

over the lower optical surface 672 of the second plate

652. In this embodiment the actuators 671 are assumed to

change their length along the optical axis OA and there

fore have to rest on a rigid counter member. This counter

member is realized as a third transparent plane-parallel

plate 688 received in the holding ring 70 adjacent the

second plate 652. The third plate 688 has a thickness

such that it is not, or at least not significantly, de-

formable by the actuators 671. If the operation of the

actuators 671 results in a change of their length along

the optical axis OA, this will therefore only result in a

deformation of the second plate 652, but not of the third



plate 688. If layer actuators are used as in the embodi

ments shown in FIGS. 6 to 8 , the third plate 688 may be

dispensed with.

The arrangement of the actuators 671 outside the liquid

62 is advantageous for various reasons. Firstly, the ac¬

tuators 671 are not immersed in a liquid, but surrounded

by a gas, for example an inert gas such as nitrogen.

Therefore no care has to be taken in the selection of the

liquid 62 and the actuators 671 whether the liquid 62 may

be contaminated by the actuators 671, and/or whether the

liquid 62 may damage the actuators 671. Apart from that,

any problems resulting from the contact of the electrical

wiring (not shown) with a liquid are completely avoided.

Furthermore, the fastening of the actuators 671 to the

adjacent plates is greatly facilitated because many fas

tening technologies are susceptible to damages caused by

surrounding liquids. For that reason the actuators 671

may be fastened to the second plate 652 and the third

plate 688 by optical bonding, which is generally diffi-

cult or even impossible in the case of the manipulator M5

shown in FIG. 9 . Another advantage is that the thin de-

formable second plate 652 is now sandwiched between two

thicker and more rigid plates that protect the deformable

second plate 652 from damages during assembly and mainte-

nance work.

The following aspects may be considered when designing

the manipulator M6 :



The deformable second plate 652 should be as thin as pos

sible so as to reduce the forces, and therefore the num¬

ber and size of the actuators 671, which are required for

causing a deformation thereof. On the other hand the

first plate 650 and the third plate 688 should be as

rigid as possible. The number of actuators 671 should be

as small as possible in order to minimize the overall

actuator area and thus the light losses in the pupil

plane. The actuators 671 should furthermore have a low

power consumption and should not display a significant

drift behavior in spite of their small size. Apart from

piezo electric elements that have been mentioned above,

Lorenz actuators or thermo-elastic actuators often

fulfill these criteria. The actuators 671 may be produced

on the third plate 688 using CVD/PVD methods, sputtering

or etch processes. Similar considerations also apply to

the other embodiments shown in FIGS. 6 to 9.

In the foregoing it has been assumed that the first plate

650, the second plate 652 and the third plate 688 are re-

ceived in annular frames in a sealed fashion. However,

other methods for mounting these plates may be used in¬

stead, for example isostatic mounting or mounts with re¬

silient legs, as are known in the art as such. A sealed

enclosure of the interspace 654 filled with a liquid 62

may be achieved by bellows, similar to what is shown be¬

low in FIG. 16.



The exemplary arrangement of the actuators 671 as shown

in FIG. 11 may be varied in various ways. Instead of ar

ranging the actuators 671 as a regular grid, configura¬

tions may be considered which are specifically adapted to

the expected wavefront deformations requiring correction.

FIGS. 12 and 13 show a manipulator M7 according to an

other embodiment in a meridional cross section along line

XII-XII and a view from below. For like parts the same

reference numerals as in FIGS. 2 to 4 are used, and for

parts corresponding to one another use is made of refer

ence numerals augmented by 700. The manipulator M7 is

equally suitable for being positioned within the projec¬

tion objective 20 close to the pupil plane 32 or also at

other positions along the optical axis OA.

The manipulator M7 mainly differs from the manipulator Ml

shown in FIGS. 2 to 4 in that the first thick plate 50 is

replaced by a thin first plate 750 which is deformable

upon operation of a plurality of actuators first 7711' to

7718'. The first actuators 7711' to 7718' are received in

a second holding ring 70' which is connected to the first

frame 56. The manipulator M7 therefore has two optical

surfaces that can be individually deformed. Since these

deformations are caused independently by first actuators

7711' to 7718' and second actuators 7711 to 7718 and not

(only) by pressure changes of the liquid 62, a wide vari¬

ety of deformations can be produced.



FIG. 14 shows the manipulator M7 in a configuration in

which the first and second deforrrtable plates 750, 752,

respectively, are individually deformed. Here it is as

sumed that the second actuators 7711 to 7718 are con-

trolled in such a way that the second plate 752 has, in

its deformed configuration, a two-fold rotational symme¬

try, as it typically occurs with illumination fields hav

ing an elongated slit-like shape. The first plate 750 is

assumed to have, in its deformed configuration, a shape

with a three-fold rotational symmetry. In this respect it

is noted that the second actuators 7111 to 7118 for the

second plate 752 are not arranged around the circumfer

ence of the second plate 752 in the same way as the first

actuators 7111' to 7118' acting on the first plate 750.

Thus the first plate 750 may be deformed in a manner that

cannot be achieved with the second plate 752, and vice

versa .

FIG. 15 shows a manipulator M8 according to a still fur¬

ther embodiment in a meridional section. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 800. The manipulator M 8

is equally suitable for being positioned within the pro¬

jection objective 20 close to the pupil plane 32 or at

other positions along the optical axis OA.

The manipulator M8 differs from the manipulator M7 shown

in FIGS. 12 to 14 mainly in that the interspace 54 is di-



vided into a first interspace 854' and a second inter

space 854 by a rigid plane-parallel plate 86. The deform-

able members adjacent the first and second interspaces

854', 584 are formed in this embodiment by a pellicle 850

and a thin meniscus lens 852. In the meridional section

of FIG. 15 first actuators 8711' to 8714' can be seen

that are received in a first holding ring 70' for deform¬

ing the pellicle 850. Second actuators 8711 to 8715 can

be seen that are received in a second holding ring 70 for

deforming the meniscus lens 852 .

The rigid plate 86 reliably ensures that deformations of

the meniscus lens 852 do not cause, via pressure fluctua

tions in the liquid, deformations of the pellicle 850,

and vice versa.

The provision of two completely decoupled interspaces 854,

854' filled with liquids 62, 62' makes it furthermore

possible to deform the pellicle 850 and the meniscus lens

852 independently from each other by varying the pressure

of the liquids 62, 62'. To this end the manipulator M8

comprises two pumps 860, 860' that are connected to res

ervoirs 68, 68' containing the liquids 62 and 62', re

spectively, and to channels 66, 66' leading into the

interspaces 854, 854'. By appropriately controlling the

pumps 860, 860' it is possible to independently vary the

pressure of the liquids 62, 62' in the interspaces 854,

854 '.



The pressure controlled by the pumps 860, 860' therefore

provides an additional parameter that may be used, in ad

dition to the first and second actuators 8711' to 8714'

and 8711 to 8715, for giving the pellicle 850 and the me-

niscus lens 852 the shape that is required for correcting

image errors. The deformation caused by the pressure

variation superimposes with the deformation caused by the

first and second actuators 8711' to 8714' and 8711 to

8715, respectively. The provision of the separated inter-

spaces 854, 854' and the pumps 860, 860' therefore makes

it possible to still further increase the range of defor¬

mations that may be achieved with the manipulator M 8 .

As a matter of course, instead of the pumps 860, 860'

various other means may be provided for changing the

pressure of the liquids 62, 62'. For example, hydraulic

cylinders or deformable membranes may be used.

The deformations that can be achieved with pressure fluc

tuations depend mainly on the material properties and the

shape of the deformable member, and on the way it is

mounted to non-deformable members of the projection ob

jective 20.

Important design parameters for the shape of the deform

able member are its outer contour and its thickness dis

tribution. For example, if a plane-parallel plate has a

rectangular contour, a pressure increase will result in a

deformation of the plate having a two-fold symmetry.



The deformable members of the manipulator M8, namely the

pellicle 850 and the meniscus lens 852, are assumed to

have circular contours. Nevertheless both members 850,

852 will respond differently to pressure variations, be-

cause both members 850, 852 have different thickness dis

tributions. Since both the pellicle 850 and the meniscus

lens 852 are completely rotationally symmetric, pressure

variations within the liquid 62, 62' will necessarily

cause deformations which are equally rotationally symmet-

ric.

If a deformable optical element has a thickness distribu

tion which is rotationally asymmetric, then a pressure

variation will also cause a rotationally asymmetric de

formation even if the outer contour of the element is

circular.

This concept is realized in the manipulator M 9 which is

shown in FIG. 16 in a meridional section. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 900. The manipulator M9

is equally suitable for being positioned within the pro¬

jection objective 20 close to the pupil plane 32 or also

at other positions along the optical axis OA.

The manipulator M9 differs from the manipulator M8 shown

in FIG. 15 mainly in that the meniscus lens 852 is re

placed by a lens 952 that has a rotationally symmetric



contour, but - even in its undeformed state, i.e. in the

absence of any forces other than the force of gravity - a

rotationally asymmetric thickness distribution.

When the lens 952 is deformed by using actuators or, in

this particular embodiment, solely by changing the pres

sure of the liquid 62 with the help of the pump 960, the

deformation will be rotationally asymmetric due to the

rotationally asymmetric shape of the undeformed lens 952.

This rotationally asymmetric shape of the undeformed lens

952 is, in this particular embodiment, designed such that

it corrects coma aberration after being deformed.

Preferably the lens 952 has a rotationally symmetric op

tical effect in its undeformed state. This may be

achieved by providing the lens 952 with an upper surface

964 which is rotationally asymmetric, whereas the lower

surface 972 of the lens 952 is rotationally symmetric,

for example plane and perpendicular to the optical axis

OA, as is the case here. If the liquid 62 filling the

second interspace 954 has (almost) the same index of re-

fraction as the lens 952, the upper rotationally asymmet

ric surface 964 has no or at least no substantial optical

effect. Only the lower surface 972 adjacent to a gas (or

alternatively to a liquid having a significantly distinct

index of refraction) contributes to the overall optical

effect of the lens 952. In this embodiment this is the

effect of a plane-parallel plate. In embodiments with a

convexly or concavely curved lower surface 972, the lens



952 has, in its undeformed state, a rotationally symmet

ric refractive power like a commonplace lens.

In the embodiment shown the lens 952 is mounted with he

help of two or more mounting legs 990. For sealing the

second interspace 954 against the outside, a metal bellow

992 is sealingly connected to the lens 952 and a holding

ring 994. The metal bellows 992 allow for small movements

of the lens 952 resulting from pressure variations pro

duced by the pump 960.

A first interspace 954 ' is formed between a rigid plane-

parallel plate 986 and a thin deformable plane-parallel

plate 950. In this embodiment the plate 950 can only be

deformed by actuators of which four actuators 9711 to

9714 can be seen in the meridional section of FIG. 16.

If the plate 950 is replaced by another lens that is ob

tained by rotating the lens 952 by 90° around the optical

axis OA, coma aberrations of any arbitrary direction can

be corrected by changing the pressure of the adjacent

liquids or with the help of actuators.

FIG. 17 shows a manipulator MlO according to still an¬

other embodiment in a meridional section. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 1000. The manipulator MlO

is equally suitable for being positioned within the pro-



jection objective 20 close to the pupil plane 32 or also

at other positions along the optical axis OA.

The main difference between the manipulator MlO on the

one hand and the manipulators according to the previous

embodiments is that the deformable member, which is real¬

ized in this embodiment by a thin membrane 1052, does not

separate a liquid and a gaseous medium, but two liquid

mediums having different refractive indices. Again, there

is only one refractive surface that can be deformed using

actuators from which actuators 10711 to 10715 can be seen

in the meridional section of FIG. 17. However, since the

refractive index ratio of two liquids is generally quite

closer to 1 than the ratio obtained with a liquid and a

gas, deformations of the membrane 1052 will have a much

weaker optical effect than deformations of the deformable

members that have been described previously. The manipu

lator MlO is therefore particularly suitable for care

fully correcting small image errors with high accuracy.

In the embodiment shown a first interspace 1054 ' is

formed between a first thick and rigid biconvex lens 1050

and the membrane 1052. The first interspace 1054' is

filled with a first liquid 62'. A second interspace 1054

is formed between the membrane 1052 and a second rigid

biconvex lens 1053 and is filled with a second liquid 62.

Since the sensibility of the manipulator MlO depends on

the refractive index ratio between the first liquid 62 '

and the second liquid 62, it is easily possible - even



after the manipulator MlO has been mounted in the projec

tion objective 20 - to change this sensitivity by replac

ing one or both liquids with a liquid having a different

index of refraction. Alternatively, the index of refrac-

tion, and therefore the sensitivity of the manipulator

MlO, may be varied by changing the temperature of one or

both liquids 62, 62'. This exploits the fact that the re

fractive index of liquids usually displaces a strong tem

perature dependency.

In contrast to prior art solutions where the deformable

member is deformed solely as a result of pressure varia

tions within the liquids, the manipulator MlO makes it

possible to produce a variety of completely different de¬

formations with the help of the actuators 10711 to 10715.

For example, a deformation having a 3-fold symmetry may

be produced first, and after some ours of operation an

additional deformation having a 2-fold symmetry may be

superimposed under appropriate arrangement and control of

the actuators 10711 to 10715. The manipulator MlO is

therefore suitable not only for correcting field curva

ture aberration, but also field independent image errors

that can only be described with higher order Zernike

polynomials .

As a matter of course, the provision of actuators does

not exclude the additional provision of pressure changing

means, as has been described above with reference to the

manipulator M8 shown in FIG. 15.



If the membrane 1052 is sufficiently thin, it may have a

refractive index that is distinct from both refractive

indices of the adjacent liquids 62, 62' . Also in this em

bodiment the use of other deformable optical members, for

example thin plates or meniscus lenses, is contemplated

as well.

As matter of course, also in the previously described em

bodiments it is envisaged to circulate intermittently or

continuously the liquids within their respective inter-

spaces.

FIG. 18 shows a manipulator Mil according to a still fur¬

ther embodiment in a meridional section. For like parts

the same reference numerals as in FIGS. 2 to 4 are used,

and for parts corresponding to one another use is made of

reference numerals augmented by 1100. The manipulator Mil

is equally suitable for being positioned within the pro

jection objective 20 close to the pupil plane 32 or also

at other positions along the optical axis OA.

The manipulator Mil differs from the manipulator M8 shown

in FIG. 15 in that it has only one deformable optical

member, namely the thin meniscus lens 1152. The meniscus

lens 1152 has an upper surface 1164 which has a (weak) 2-

fold rotational symmetry (not shown in FIG. 18), similar

to the lens 952 of the manipulator M9 shown in FIG. 16.

Actuators 11711 to 11715 are arranged around the circum-



ference of the lens 112 such that a deformation having a

3-fold symmetry may be achieved.

By independently controlling the pressure of the liquid

62 using the pump 1160 (similar pressure variation means)

on the one hand and the actuators 11711 to 11715 on the

other hand, deformations with 2-fold and 3-fold symme¬

tries may be successively or simultaneously be produced.

Since it often suffices to be able to individually pro

duce two deformations having different symmetries, an ad-

ditional deformable member, for example the membrane 850

of the manipulator M 8 shown in FIG. 15, may be dispensed

with .

The above description of the preferred embodiments has

been given by way of example. From the disclosure given,

those skilled in the art will not only understand the

present invention and its attendant advantages, but will

also find apparent various changes and modifications to

the structures and methods disclosed. The applicant seeks,

therefore, to cover all such changes and modifications as

fall within the spirit and scope of the invention, as de¬

fined by the appended claims, and equivalents thereof.



CLAIMS

1 . Projection objective of a microlithographic projec

tion exposure apparatus, comprising a manipulator

(Ml to Mil) for reducing rotationally asymmetric

image errors, wherein the manipulator comprises:

a ) a first optical element (52; 252; 352, 452;

552; 652; 752; 852; 950; 1052; 1152) of a re

fractive type,

b ) a second optical element (50; 250; 350; 550;

650; 750; 850; 950; 1050; 1150),

c ) an interspace (54; 254; 354; 554; 654; 754;

854; 954', 1054) formed between the first op

tical element and the second optical element,

d ) a liquid (62; 62') filling the interspace,

and

e ) an actuator (711 to 718; 2711, 2712; 3711 to

3718; 471; 571; 671; 7711 to 7718; 8711 to

8714; 9711 to 9714; 10711 to 10715; 11711 to

11715) which is coupled to the first optical

element such that operation of the actuator

causes a rotationally asymmetric deformation

of the first optical element.



2 . Projection objective according to claim 1 , wherein

the first optical element is a plane-parallel plate

(52; 352; 552; 652; 752) .

3 . Projection objective according to claim 1 , wherein

the first optical element is a meniscus lens (252;

852; 1152) .

4 . Projection objective according to claim 1 , wherein

the first optical element is a membrane (850) .

5 . Projection objective according to any of claims 1

to 4, wherein the ratio between the refractive in

dex of the first optical element (52) and the

refractive index of the liquid (62) is between 0.9

and 1.1.

6 . Projection objective according to claim 5 , wherein

the ratio between the refractive index of the first

optical element (52) and the refractive index of

the liquid (62) is between 0.99 and 1.01.

7 . Projection objective according to any of the pre

ceding claims, wherein the interspace (54) has, in

a direction along an optical axis of the projection

objective, a maximum thickness of less than 1 mm.

8 . Projection objective according to claim 7 , wherein

the maximum thickness is less than 2 µm .



9 . Projection objective according to any of the pre

ceding claims, wherein the deformation of the first

optical element (52) has an m-fold symmetry or a

superposition of a plurality of m-fold symmetries

with m = 2 , 3 , 4 , ....

10. Projection objective according to any of the pre

ceding claims, comprising at least two actuators

(711 to 718) that are configured to exert bending

moments on the first optical element (52) .

11. Projection objective according to claim 10, wherein

the at least two actuators (711 to 718) are ar¬

ranged along a circumference of the first optical

element (52) .

12. Projection objective according to claim 10 or 11,

wherein the actuators (711 to 718) are configured

such that at least two deformations of the first

optical element (52) can be generated having a dif

ferent m-fold symmetry.

13. Projection objective according to any of the pre-

ceding claims, wherein the second optical element

is of a reflective type.

14. Projection objective according to any of claims 1

to 12, wherein the second optical element (50; 250;



350; 550; 650; 750; 850; 950; 1050; 1150) is of a

refractive type.

15. Projection objective according to claim 14, wherein

the second optical element is a meniscus lens (250)

or a plane-parallel plate (50; 350; 550; 650; 750;

950; 1150) .

16. Projection objective according to any of the pre

ceding claims, comprising a second actuator (2711,

2712; 7711 1 to 7718'; 8711' to 8714'; 9711 to 9714)

acting exclusively on the second optical element

(250; 750; 850; 950) for generating a deformation

of the second optical element (250; 750; 850; 950) .

17. Projection objective according to claim 16, wherein

the deformation of the second optical element (250;

750; 850; 950) is rotationally asymmetric.

18. Projection objective according to claim 16, wherein

the deformation of the second optical element (250;

750; 850; 950) is rotationally symmetric.

19. Projection objective according to any of the pre-

ceding claims, comprising a pressure equalizer (66,

68; 66', 68') for maintaining a constant pressure

of the liquid (62; 62') in the immersion space.



20. Projection objective according to any of the pre¬

ceding claims, wherein the first optical element

(52) is arranged in or in close proximity of a pu¬

pil plane (32) .

21. Projection objective according to any of the pre¬

ceding claims, wherein the actuator (3711 to 3718;

471) is fastened to a front or a rear surface (372;

472) of the first optical element (352; 452), and

wherein the actuator (3711 to 3718; 471) is config-

ured to produce on the first optical element (352;

452) compressive and/or tensile forces along direc

tions that are at least substantially tangential to

the surface (372; 472) .

22. Projection objective according to claim 21, wherein

the actuator (3711 to 3718; 471) is formed by a

layer which is applied to the surface, said layer

having a variable dimension along at least one di

rection .

23. Projection objective according to claim 22, wherein

the layer is formed by a piezo electric material.

24. Projection objective according to claim 22, wherein

the layer is formed by a material having a coeffi

cient of thermal expansion that is different from

the coefficient of thermal expansion of the first

optical element .



25. Projection objective according to claim 24, com

prising a device that controllably changes the tem

perature of the layer.

26. Projection objective according of claim 25, wherein

the device is configured to direct radiation onto

the layer.

27. Projection objective according of claim 25, wherein

the device is configured to apply a voltage to the

layer .

28. Projection objective according to any of claims 22

to 27, wherein a plurality of layers (3711 to 3718)

have the shape of ring segments, said ring segments

forming a circular ring which is centered with re

spect to an optical axis (OA) of the projection ob-

jective (20) .

29. Projection objective according to claim 28, wherein

the ring segments are spaced apart by gaps.

30. Projection objective according to any of claims 21

to 29, wherein a plurality of actuators (471) are

distributed over the surface (472) within an area

through which projection light propagates.

31. Projection objective according to claim 30, wherein

the plurality of actuators are at least substan-



tially transparent at the wavelengths of the pro

jection light.

32. Projection objective according to claim 30, wherein

the plurality of actuators are opaque at the wave-

lengths of the projection light, and wherein the

manipulator is arranged in or in close proximity to

a pupil plane of the projection objective.

33. Projection objective according to any of the pre

ceding claims, comprising a sensor (380) that is

fastened to a front or rear surface (364) of the

first optical element (352), wherein the sensor

(3870) is configured to measure a deformation of

the first optical element (352) produced by the ac

tuator (3711 to 3718) .

34. Projection objective according to claim 33, wherein

the sensor (380) is configured to produce an output

signal which depends on the amount of compressive

and/or tensile forces produced in the sensor by a

deformation of the first optical element (352) .

35. Projection objective according to any of the pre

ceding claims, wherein a plurality of actuators

(671) are distributed over an area, through which

projection light is allowed to propagate, of a sur

face (672) of the first optical element (652) which



is opposite to a surface (664) which is in contact

with the liquid (62) .

36. Projection objective according to claim 35, com

prising a further optical element (688) of a re-

5 fractive type on which the plurality of actuators

(671) rest.

37. Projection objective according to any of the pre

ceding claims, comprising:

a ) a further interspace (854'; 954) formed be-

10 tween the second optical element (86; 986)

and a third optical element (850; 952),

wherein both the second optical element (86;

986) and the third optical element (850; 952)

are of a refractive type, and

15 b ) means (8711 ' to 8714'; 960) for deforming the

third optical element (850; 952) .

38. Projection objective according to any of the pre

ceding claims, comprising a device (860, 860'; 960;

1160) for changing the pressure of the liquid (62,

-20 62 ')

39. Projection objective according to any of the pre

ceding claims, wherein the first optical element



(952) has a shape in its undeformed state which is

rotationally asymmetric.

40. Projection objective according to claim 39, wherein

the first optical element (952) has a thickness

distribution in its undeformed state which is rota

tionally asymmetric.

41. Projection objective according to claim 40, wherein

the first optical element (952) has a first surface

(964), which is in contact to the liquid (62) and

has a rotationally asymmetric shape, and a second

surface (972) opposite the first surface (964),

wherein the second surface (972) has a rotationally

symmetric shape.

42. Projection objective of a microlithographic projec-

tion exposure apparatus, comprising a manipulator

(M3) for reducing image errors, wherein the manipu

lator (M3) comprises:

a ) a deformable optical element (352) of a re

fractive type and

b ) an actuator (3711 to 3718) which is coupled

to the optical element such that operation of

the actuator causes a deformation of the op

tical element, wherein



the actuator is fastened to a front

(364) or a rear surface (372) of the

optical element, and wherein

the actuator (3711 to 3718) is config-

ured to produce on the optical element

compressive and/or tensile forces along

directions that are at least substan¬

tially tangential to the surface.

43. Projection objective of a microlithographic projec-

tion exposure apparatus, comprising a manipulator

(M9) for reducing image errors, wherein the manipu¬

lator comprises:

a ) a first optical element (952) of a refractive

type, wherein the first optical element (952)

has a thickness distribution in its unde-

formed state which is rotationally asymmetric,

b ) a second optical element (986),

c ) an interspace (954) formed between the first

optical element (952) and the second optical

element (986) ,

d ) a fluid (62) filling the interspace, and



e ) means (960) for deforming the first optical

element .

44. Projection exposure apparatus, comprising a projec

tion objective according to any of the preceding

claims.

45. Projection exposure apparatus according to claim 44

comprising :

a ) a controller (36) for driving the at least

one actuator,

b ) a sensor arrangement (44) connected to the

controller (36) in order to determine the im

age errors .

46. Projection exposure apparatus according to claim 45,

wherein the sensor arrangement comprises a CCD sen-

sor (44), which is positionable in an image plane

(28) of the projection objective (20) or in a field

plane conjugate therewith.

47. Projection exposure apparatus according to claim 45

or 46, wherein the manipulator (Ml to Mil), the

controller (34) and the sensor arrangement (44)

form a closed feedback loop.



48. Method for the microlithographic production of a

microstructured component, comprising the following

steps :

a ) providing a projection exposure apparatus (10

according to any of claims 44 to 47;

b ) arranging a mask (24) in an object plane (22)

of the projection objective (20);

c ) projecting the mask onto a photosensitive

layer (26) which is arranged in an image

plane (28) of the projection objective (20) .

49. A microstructured device which is manufactured in

accordance with the method of claim 48.
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