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(54) Title: PROJECTION OBJECTIVE FOR MICROLITHOGRAPHY

(57) Abstract: A projection objective (7) for microlithog-
raphy is used for imaging an object field (4) in an object
plane (5) into an image field (8) in an image plane (9).
The projection objective (7) comprises at least six mirrors
(Ml to M6) of which at least one mirror has a freeform
reflecting surface. According to one aspect of the inven
tion, the ratio between an overall length (T) of the proj ec
tion objective (7) and an object image shift (dois) is sm all
er than 12. According to another aspect of the invention,
the image plane (9) is the first field plane of the proj ec
tion objective (7) downstream of the object plane (5). A c
cording to another aspect of the invention, the projection
objective has a plurality of mirrors (Ml to M6), wherein
the ratio between an overall length (T) and an object im
age shift (dois) is smaller than 2.
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Projection objective for microlithography

The invention relates to a projection objective for microlithography. Fur

thermore, the invention relates to an optical system, in particular compris-

ing a projection objective of this type, a projection exposure apparatus

comprising an optical system of this type, a method of producing a micro-

structured component using a projection exposure apparatus of this type,

and a microstructured component which is produced according to this

method.

Projection objectives for microlithography are for instance disclosed in US

6 266 389 B l , in US 2005/0134980 Al, in US 2007/01953 17 Al, in US

2007/0058269 Al, in US 2007/02231 12 A, in US 6 396 067 Bl, in US 6

361 176 B l and in US 6 666 560 B2.

The known projection objectives are still in need of improvement in terms

of their total transmission, in terms of an unwanted apodization and in

terms of their space requirements, in particular if they are exposed to EUV

illumination light.

It is therefore an object of the present invention to improve a projection

objective of the type named at the outset in such a way that the total trans

mission thereof is improved and that negative apodization effects are

avoided or reduced. As an alternative or in addition thereto, the projection

objective shall be as compact as possible.

This object is achieved according to the invention by a projection objective

having the features set out in claim 1, by a projection objective having the

features set out in claim 2, by a projection objective having the features set



out in claim 5 and by a projection objective having the features set out in

claim 10.

According to a first aspect of the invention, the projection objective is pro-

vided with at least six mirrors, wherein at least one of the mirrors has a

freeform surface, and wherein the ratio between the overall length of the

projection objective and the object image shift of the projection objective is

smaller than 12. A projection objective of this type may have an intermedi

ate image plane between the object plane and the image plane. This allows

given imaging requirements to be fulfilled while minimizing the dimen

sions of the individual mirrors, in other words of their absolute reflecting

surface. In an embodiment with an intermediate image plane, it is possible

to use mirrors with relatively small radii of curvature. Furthermore, obj ec

tive designs are conceivable in which a relatively large working distance

can be maintained between the exposed reflecting surfaces and the imaging

beams passing by the mirrors. The object image shift may have an absolute

value which is greater than 120 mm, which is preferably greater than 150

mm, and more preferably, greater than 200 mm.

According to another aspect of the invention, the projection objective has

at least six mirrors of which at least one mirror has a freeform reflecting

surface. The image plane of this projection objective is the first field plane

of the projection objective downstream of the object plane. If, accordingly,

an intermediate image plane between the object plane and the image plane

of the projection objective is dispensed with, this allows a spectrum of in

cidence angles, in other words a difference between a largest and a smallest

incidence angle of imaging beams impinging upon a respective one of the

mirrors, to be kept small. This reduces the demands on a reflective coating

on the mirrors. The reflective coating may then either be optimized in



terms of a high peak reflection or in terms of an even reflection across the

mirror surface, wherein severe variations of incidence angles on one of the

mirrors can be neglected in practice. The result is a projection objective

with a good total transmission which allows the unwanted effect of an apo-

dization to be avoided or reduced. If at least one mirror is designed as a

freeform reflecting surface, the projection objective according to the inven

tion shows minor imaging errors even if no intermediate image plane is

provided. The at least six mirrors of the projection objective allow imaging

errors to be corrected easily. The projection objective according to the in-

vention may be a mirror projection objective, in other words a projection

objective in which all imaging-beam guiding components are reflective

components.

A projection objective according to claim 3 is compact and ensures a good

separation of the object field from the image field. The ratio between the

overall length and the object image shift is preferably smaller than 2, more

preferably smaller than 1.5, and even more preferably smaller than 1.1.

A freeform reflecting surface according to claim 4 allows imaging errors to

be minimized by the projection objective. Other types of freeform surface

are conceivable as well. Freeform surfaces of this type cannot be described

by means of a function which is rotationally symmetric with respect to a

marked axis which is a normal to a surface area of the mirror surface. In

particular, freeform surfaces of this type cannot be described by means of

an asphere equation of the type describing a conic section; furthermore,

they require at least two independent parameters in order to describe the

mirror surface. The shape of a boundary of the optically active mirror sur

face is not important when characterizing a mirror surface as a freeform

surface. Naturally, optically active surfaces are known from prior art which



do not have a rotationally symmetric boundary. Optically active surfaces of

this type can however still be described by means of a rotationally symmet

ric function, wherein an area of said optical surface is used whose bound

ary is not rotationally symmetric.

The projection objective according to claim 5 is compact and ensures a

good separation of the object field from the image field. The ratio between

the overall length and the object image shift is preferably smaller than 1.5

and, more preferably, smaller than 1.1. The projection objective according

to claim 4 can be a mirror projection objective as well.

The advantages of claims 6 to 9 correspond to those which have already

been described above in relation to the projection objectives according to

the invention.

According to another aspect of the invention, the projection objective has a

plurality of mirrors of which at least one mirror has a freeform reflecting

surface, and at least one intermediate image plane between the object plane

and the image plane, wherein the ratio between an overall length of the

projection objective and an object image shift is smaller than 12. By using

the at least one freeform reflecting surface, a distinct object image shift

may even be achieved in a projection objective having an intermediate im

age plane. This may in particular serve to guide the illumination light past

further components of a projection exposure apparatus which is equipped

with the projection objective without having to make compromises on the

incidence angles impinging the mirrors of the projection objective. In par

ticular, virtually all reflections of the illumination light may be achieved

with small incidence angles or, alternatively, very large incidence angles

(grazing incidence). The intermediate image plane of the projection objec-



tive according to this aspect of the invention allows bundles of the imaging

light to be guided between the object plane and the image plane, with the

bundles having typical bundle dimensions or bundle diameters which, ex

cept for the bundles which are guided in the vicinity of a last mirror which

defines the numerical aperture of the projection objective, are compara

tively small. This facilitates a vignetting control during a projection expo

sure using the projection objective. Furthermore, a projection objective

comprising at least one intermediate image plane has at least two pupil

planes of which one is arranged between the object plane and the at least

one intermediate image plane while the other is arranged between the at

least one intermediate image plane and the image plane. This enhances the

possibilities of controlling illumination parameters by influencing the bun

dles in or adjacent to the pupil planes.

The advantages of claims 11 and 12 correspond to those which have a l

ready been described above in relation to the inventive projection objec¬

tives according to the previous aspects.

A path of the chief ray allocated to the central object field point according

to claim 13 allows a large object image shift to be achieved on the mirrors

of the projection objective with small to medium incidence angles. In the

case of such a chief ray path, there is no portion of the path of the chief ray

where the chief ray is guided back in the direction of the normal, which

would be counterproductive for achieving a large object image shift.

Absolute values of the object image shift according to claim 14 proved to

be advantageous for spatially separating an illumination light beam path

upstream of the object field of the projection optics from the imaging beam

path in the projection objective.



A ratio between a spectrum of incidence angles and a numerical aperture

on the image side according to claim 15 results in advantageously low de¬

mands on reflective coatings on the mirrors. Preferably, the spectrum of

incidence angle amounts to a maximum of 15°, more preferably to a maxi-

mum of 13°, more preferably to a maximum of 12°, and even more pref¬

erably to a maximum of 10°. Accordingly, the ratio between the spectrum

of incidence angles and the numerical aperture on the image side of the

projection objective preferably amounts to a maximum of 60°, more pref¬

erably to a maximum of 52°, more preferably to a maximum of 48°, and

even more preferably to a maximum of 40°. A numerical aperture on the

image side of 0.25 may be provided. Other numerical apertures on the im

age side in the range between 0.25 and for instance 0.9, i.e. a numerical

aperture on the image side of for instance 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 or 0.9,

may be provided as well; this will cause the ratios between the spectrum of

incidence angles and the numerical aperture on the image side of the pro

jection objective to change accordingly.

A numerical aperture (NA = n sinα, with n : refractive index, for instance

that of flushing gas, α: half aperture angle of the objective on the image

side) according to claim 16 results in a good spatial resolution of the pro

jection objective. The difference between a largest and a smallest incidence

angle of imaging beams impinging upon one of the mirrors of the proj ec

tion objective preferably amounts to a maximum of 0.9 arcsin(NA), more

preferably to a maximum of 0.8 arcsin(NA), and even more preferably to a

maximum of 0.7 arcsin(NA).

A field size according to claim 17 ensures a good throughput when operat¬

ing a projection exposure apparatus comprising a projection objective of

this type.



An incidence angle according to claim 18 allows a reflection mask to be

used on which is disposed the structure that is to be imaged using the p ro

jection objective. The incidence angle amounts in particular to 6°.

Another object of the invention is to improve an optical system comprising

a projection objective and an illumination optics for microlithography for

guiding illumination light emitted by a light source and for illuminating an

object field in such a way that reflection losses are reduced to a minimum

when guiding the illumination light.

This object is achieved according to the invention by an optical system

having the features set out in claim 19.

Such a ratio between the overall length of the projection objective and the

intermediate-focus image shift may guarantee that the illumination light

can be guided past components which large space requirements on the im

age side without requiring any additional illumination light guiding optical

components and without requiring extreme incidence angles which might

reduce throughput. The ratio between the overall length of the projection

objective and the intermediate-focus image shift may be smaller than 3,

smaller than 2, smaller than 1.90, smaller than 1.80 and may in particular

amount to 1.75. Even smaller ratios are conceivable as well.

A typical space requirement on the image side, when measured in an image

plane in the center of the image field, amounts to approximately 1 m, in

particular also in the direction of components of the illumination optics,

and approximately 1 m as well when measured perpendicular to the image

plane away from the image plane.



The advantages of an optical system according to claim 20 correspond to

those which have been explained in relation to the projection optics accord

ing to the invention on the one hand and in relation to the optical system

according to the invention on the other.

An intermediate focus arrangement according to claim 2 1 enables the illu

mination light to be guided with particularly small maximum incidence

angles impinging the components on the illumination optics.

A design of the illumination optics according to claim 22 has a high illumi

nation light throughput due to the low number of reflecting components.

The illumination optics may in particular have a collector and only two

additional mirrors, in other words only two additional reflecting compo

nents.

The advantages of a projection exposure apparatus according to claim 23,

of a production method according to claim 24 and of a micro- or nanostruc-

tured component according to claim 25 correspond to those which have

already been explained above in relation to the projection objective accord-

ing to claims 1 to 19 and in relation to the optical system according to

claims 20 to 22.

The advantages of the projection objective according to the invention, of

the optical system according to the invention and of the projection expo-

sure apparatus according to the invention become apparent in particular

when EUV light is used as illumination light.

Examples of the invention will hereinafter be explained in more detail by

means of the drawing in which:



Fig. 1 shows a diagrammatic view of a projection exposure apparatus

for microlithography;

Fig. 2 shows a meridional section containing exemplary imaging beam

paths through an embodiment of a projection optics of the pro

jection exposure apparatus according to claim 1;

Fig. 3 shows a similar view to Fig. 2 of another embodiment of a pro

jection optics;

Fig. 4 shows a similar view to Fig. 2 of another embodiment of a pro

jection optics;

Fig. 5 shows a similar view to Fig. 2 of another embodiment of a pro-

jection optics;

Fig. 6 show a diagrammatic view of a projection exposure apparatus

comprising the projection optics according to Fig. 5; and

Fig. 7 shows a similar view to Fig. 6 of another embodiment of a pro

jection exposure apparatus comprising the projection optics ac

cording to Fig. 5.

A projection exposure apparatus 1 for microlithography comprises a light

source 2 for illumination light 3. The light source 2 is an EUV light source

which generates light in a wavelength range between 5 nm and 30 nm.

Other EUV wavelengths are conceivable as well. Alternatively, the proj ec

tion exposure apparatus 1 may also be operated using for instance illumina

tion light 3 with visible wavelengths, UV wavelengths, DUV wavelengths



or VUV wavelengths. A beam path of the illumination light 3 is shown

very diagrammatical Iy in Fig. 1.

The illumination light 3 is guided to an object field 4 in an object plane 5

using an illumination optics 6. A projection optics 7 in the form of a p ro

jection objective is used to image the object field 4 into an image field 8 in

an image plane 9 at a given reduction ratio. This reduction ratio is 4:1.

When imaged into the image field 8, the object field 4 is thus reduced in

size by a factor of 4 by means of the projection optics 7.

The projection optics 7 reduces images by a factor of 4, for example. Other

image scales are conceivable as well, for instance 5x, 6x, 8x, or even image

scales which are greater than 8x. Image scales which are smaller than 4x

are conceivable as well.

The image plane 9 is parallel to the object plane 5. In this process, a portion

of the reflection mask 10 is imaged which coincides with the object field 4.

Said portion is imaged onto the surface of a substrate 11 in the form of a

wafer which is carried by a substrate holder 12.

In order to facilitate the description of positional relationships, the drawing

includes an xyz coordinate system. In Fig. 1, the x-axis is perpendicular to

the drawing plane and runs away from the viewer into the drawing plane.

The y-axis extends to the right of Fig. 1. The z-axis extends downwardly in

Fig. 1.

The reflection mask 10, which is held by a reticle holder (not shown), and

the substrate 11 are scanned synchronously in the y-direction during the

projection exposure.



Fig. 2 shows a first embodiment of an optical design of the projection op

tics 7, the Figure showing the path of individual imaging beams 13 of the

illumination light 3 which are emitted by two spaced field points. One of

these imaging beams 13 is the chief ray of the central field point, in other

words the chief ray of the field point which lies exactly on the intersection

of the diagonal which joins the corners of the object field 4 or of the image

field 8.

In the projection optics 7, the image plane 9 is the first field plane of the

projection optics 7 downstream of the object plane 5. In other words, the

projection optics 7 does not have an intermediate image plane.

The projection optics 7 has a numerical aperture of 0.25 on the image side.

An overall length T, in other words the distance between the object plane 5

and the image plane 9 of the projection optics 7, amounts to 1585 mm.

In other conceivable embodiments of projection optical systems (not

shown) in which the object plane 5 is not parallel to the image plane 9, the

overall length T is defined as the distance of a central field point from the

image plane. In another conceivable projection objective (not shown)

which is equipped with an uneven number of mirrors, for instance seven or

nine mirrors, the overall length is defined as the maximum distance b e

tween one of the mirrors and one of the field planes.

An object image shift dOis of the projection optics 7 amounts to 1114.5

mm. The object image shift dOis is the distance of a perpendicular proj ec

tion P of a central object field point onto the image plane 8 from the central

image point.



In the projection optics according to Fig. 2, the ratio between the overall

length T and the object image shift dois therefore amounts to approximately

1.42.

The field size of the projection optics 7 in the image plane 9 amounts to 2

mm in the y-direction and 26 mm in the x-direction while in the object

plane 5, the field size amounts to 8 mm in the y-direction and 108 mm in

the x-direction.

The object field 4 and the image field 8 are rectangular. The fields may

generally also have the shape of a sector of a circle with a corresponding

xy aspect ratio, in other words they may also have a curved shape.

The y-dimension of the fields is also referred to as slot height while the x-

dimension is also referred to as slot width.

An incidence angle β of the imaging beams 13 impinging upon the object

field 4, in other words on the reflection mask 10, amounts to 6°. Other in

cidence angles β are conceivable as well.

The projection optics 7 comprises a total of six mirrors Ml, M2, M3, M4,

M5, M6 which are numbered in the order in which they are exposed to the

illumination light 3. The mirrors M3 and M6 are concave. The mirror M4

is convex. It shall be noted that Fig. 2 only shows the reflecting surfaces of

the mirrors M l to.M6; other aspects such as the entire mirror bodies or as

sociated holders are omitted.

The mirrors M l to M6 are exposed to the illumination light 3 with in each

case a particular spectrum of incidence angles. Said spectrum of incidence



angles is the difference between a smallest incidence angle αmjn and a larg

est incidence angle αmax impinging the respective mirror M l to M6. This is

shown in Fig. 2 by the example of the second last mirror M5 which has the

greatest absolute spectrum of incidence angles of the projection optics 7.

The following table shows the spectrum of incidence angles αmax - αmm of

the mirrors M l to M6:

In the meridional section of Fig. 2, the smallest incidence angle αmin , which

amounts to approximately 14°, can be found on the right-hand edge of the

mirror M5. The largest incidence angle αmax of Fig. 2, amounts to ap

proximately 24°, can be found on the left-hand edge of the mirror M5.

Therefore, the mirror M5 has a spectrum of incidence angles of 10°. This

spectrum of incidence angles is at the same time the greatest difference

between the incidence angles impinging one of the mirrors M l to M6. The

incidence angles impinging the mirrors M l to M6 of the projection optics 7

are almost exclusively in a range of excellent fulfilment of the approxima

tion of small angles (0° < α < 7°). Therefore, the mirrors M l to M6 are

coated with a reflective coating which is evenly applied across their entire

reflecting surface.



The reflective coating is in particular a multilayer coating, in other words a

stack of alternating molybdenum and silicon layers as is usual for EUV

reflective coatings. The small spectrum of maximum incidence angles of

only 10° ensures that the reflections on all mirrors M l and M6 are constant

in good approximation. An unwanted variation in reflection across the re

spective mirror surface or an excessive apodization is thus avoided in the

projection optics 7. Apodization is defined as the variation of the intensity

distribution of the illumination light 3 across the pupil. If Imax is the maxi

mum intensity of the illumination light 3 in a pupil plane of the projection

optics 7 and Imin is the minimum intensity of the illumination light 3 across

said pupil plane, the value

is a measure of apodization.

At least one of the mirrors M l to M6 has a reflecting surface which is a

freeform reflecting surface having a biconical basic shape and which may

be described using the following surface formula:

cvx x 2 + cvy y 2 , ,- ,

1+ Λ 1-CVX (CCX + \) X -cvy (ccy +\)y

x and y represent the coordinates on the reflecting surface starting from a

coordinate origin which is defined as the penetration point of a normal

through the reflecting surface. In theory, this penetration point may be d is

posed beyond the useful reflecting surface.



z represents the sagittal height of the freeform reflecting surface. The coef

ficients cvx and cvy describe the curvatures of the freeform reflecting sur

face in an xy sectional view and in an xz sectional view. The coefficients

ccx and ccy are conical parameters.

The freeform surface formula consists of a first biconical term and a subse

quent xy polynomial with coefficients aj .

The following tables specify the arrangement and shape of the optical sur-

faces of the mirrors M l to M6 in the projection optics 7 .

In the first column of table 1, selected surfaces are denoted by numbers.

The second column contains the respective distances of each surface from

the respectively nearest surface in the z-direction. The third column of t a

ble 1 lists respective y-decentrations of the local coordinate system of each

surface with respect to a global coordinate system.

The last column of table 1 allows the defined surfaces to be allocated to the

components of the projection optics 7.

Table 1



Table 2 contains the data of the respective freeform reflecting surface of

the mirrors M6 (surface 2), M5 (surface 3), M4 (surface 4), M3 (surface 5),

M2 (surface 6) and M l (surface 7). Coefficients which are not listed in the

table equal zero. Furthermore, the following applies: RDX = 1/cvx; RDY =

1/cvy.



Table 2

Fig. 3 shows another embodiment of a projection optics 14 which may be

used in the projection exposure apparatus 1 according to Fig. 1 instead of

the projection optics 7. Components of the projection optics 14 which cor

respond to those that have already been explained above in relation to the

projection optics 7 have the same reference numerals and are not described

in detail again.

The projection optics 14 has a numerical aperture of 0.25 on the image

side. The overall length T of the projection optics 14 amounts to 1000 mm.



The object image shift døis of the projection optics 14 amounts to 656.5

mm. Therefore, the ratio of T/ dOis amounts to approximately 1.52.

In the projection optics 14, the spectrum of maximum incidence angles,

which amounts to 12°, can be found on the mirror M5 as well. The mini¬

mum incidence angle, which amounts to approximately 6°, is found on the

mirror M5 on the right-hand edge of Fig. 3. The maximum incidence angle,

which amounts to approximately 18°, is found on the mirror M5 on the

left-hand edge of Fig. 3. In the projection optics 14, the image plane 9 is

the first field plane downstream of the object plane 5 as well.

In the projection optics 14, at least one of the mirrors M l to M6 is a bi-

conical freeform reflecting surface as well.

The following tables specify the arrangement and shape of the optical sur¬

faces of the mirrors M l to M6 in the projection optics 14.

In the first column of table 3, selected surfaces are denoted by numbers.

The second column contains the respective distances of each surface from

the respective nearest surface in the z-direction. The third column of table 3

lists respective y-decentrations of the local coordinate system of each sur

face with respect to a global coordinate system.

The last column of table 3 allows the defined surfaces to be allocated to the

components of the projection optics 14.



Table 3

Table 4 contains the data of the respective freeform reflecting surface of

the mirrors M6 (surface 2), M5 (surface 3), M4 (surface 4), M3 (surface 5),

M2 (surface 6) and M l (surface 7). Coefficients which are not listed in the

table equal zero. Furthermore, the following applies: RDX = 1/cvx; RDY =

1/cvy.





Table 4



Fig. 4 shows another embodiment of a projection optics 15 which may be

used in the projection exposure apparatus according to Fig. 1 instead of the

projection optics 7. Components of the projection optics 15 which corre

spond to those that have already been explained above in relation to the

projection optics 7 have the same reference numerals and are not discussed

in detail again.

The projection optics 15 has a numerical aperture of 0.32 on the image

side. The overall length T of the projection optics 15 amounts to 1000 mm.

The object image shift dOis of the projection optics 15 amounts to 978 mm.

The ratio of T/dois therefore amounts to approximately 1.02.

In the projection optics 15, the spectrum of maximum incidence angles,

which amounts to 13°, can be found on the mirror M5 as well. The mini-

mum incidence angle, which amounts to approximately 9°, is found on the

mirror M5 on the right-hand edge of Fig. 4. The maximum incidence angle,

which amounts to approximately 22°, is found on the mirror M5 on the

left-hand edge of Fig. 4. In the projection optics 15, the image plane 9 is

the first field plane downstream of the object plane 5 as well.

In the projection optics 15, at least one of the mirrors M l to M6 is a bi-

conical freeform reflecting surface as well.

The following tables specify the arrangement and shape of the optical sur-

faces of the mirrors M l to M6 in the projection optics 15.

In the first column of table 5, selected surfaces are denoted by numbers.

The second column contains the respective distances of each surface from

the respective nearest surface in the z-direction. The third column of table 5



lists respective y-decentrations of the local coordinate system of each sur

face with respect to a global coordinate system.

The last column of table 5 allows the defined surfaces to be allocated to the

components of the projection optics 15.

Table 5

Table 6 contains the data of the respective freeform reflecting surface of

the mirrors M6 (surface 2), M5 (surface 3), M4 (surface 4), M3 (surface 5),

M2 (surface 6) and M l (surface 7). Coefficients which are not listed in the

table equal zero. Furthermore, the following applies: RDX = 1/cvx; RDY =

1/cvy.







Table 6

Fig. 5 shows another embodiment of a projection optics 16 which may be

used in the projection exposure apparatus 1 according to Fig. 1 instead of

the projection optics 7. Components of the projection optics 16 which cor

respond to those that have already been explained above in relation to the

projection optics 7 have the same reference numerals and are not discussed

in detail again.

The projection optics 16 has a numerical aperture of 0.35 on the image

side. The overall length T of the projection optics 16 amounts to 1500 mm.

The object image shift dois of the projection optics 16 amounts to 580 mm.

The ratio of T/dois therefore amounts to approximately 2.59.

On the mirror M5 of the projection optics 16, there is a minimum incidence

angle of 0.15° and a maximum incidence angle of 23.72°. The spectrum of

maximum incidence angles, which is found on the mirror M5, therefore

amounts to 23.58°, which is the greatest spectrum of incidence angles to be

found on one of the mirrors of the projection optics 16.



The projection optics 16 has an intermediate image plane 17 between the

mirrors M4 and M5. Said intermediate image plane 17 is approximately

disposed at the point where the imaging beams 13 are guided past the m ir

ror M6.

The freeform reflecting surfaces of the mirrors M l to M6 of the projection

optics 16 can be described mathematically by the following equation:

with

. _ (m + n)2 + m + 3n

Z represents the sagittal height of the freeform surface at the point x, y

(χ2 y2 r2) .

c is a constant which corresponds to the apex curvature of a corresponding

asphere. k corresponds to a conical constant of a corresponding asphere. Cj

are the coefficients of the monomials XmYn. Typically, the values of c, k

and Cj are determined on the basis of the desired optical properties of the

mirror in the projection optics 16. The order of the monomial, m + n, can

be changed as required. A higher-order monomial may result in a design of

the projection optics which facilitates the correction of imaging errors but

is more difficult to calculate m + n may take values between 3 and more

than 20.



Freeform surfaces can also be described mathematically using Zernike

polynomials which are for instance explained in the manual of the optical

design program CODE V . Alternatively, freeform surfaces can be de

scribed by means of two-dimensional spline surfaces. Examples thereof are

Bezier curves or non-uniform rational basis splines (NURBS). Two-

dimensional spline surfaces can for instance be described by a set of points

in an xy plane and their respective z values or by these points and their re

spective slopes. Depending on the type of spline surface, the entire surface

is obtained by interpolation between the points of the set by using for in-

stance polynomials or functions which have particular properties in terms

of their continuity and differentiability. Examples thereof are analytical

functions.

The optical design data of the reflecting surfaces of the mirrors M l to M6

of the projection optics 16 are listed in the following tables. The first one of

these tables contains the respective reciprocal of the apex curvature (ra

dius) and a distance value (thickness) for the optical surfaces of the optical

components and for the aperture diaphragm, the distance value correspond

ing to the z-distance of adjacent elements in the beam path starting from

the object plane. The second table contains the coefficients Cj of the mo¬

nomials XmYn in the above freeform surface equation for the mirrors M l to

M6, with Nradius being a normalizing constant. The second table is fo l

lowed by a third table in which are listed the absolute values (in mm) of y-

decentration and x-rotation of the respective mirror with respect to a refer-

ence design of a mirror. This corresponds to the processes of decentration

(in the y-direction) and rotation (about the x-axis) during the freeform sur

face design process, with the angle of rotation being specified in degrees.



Surface Radius Distance Mode of operation

Object plane INFINITY 727,645

Mirror 1 -1521,368 -420,551 REFL

Mirror 2 4501,739 540,503 REFL

Mirror 3 501,375 -313,416 REFL

Mirror 4 629,382 868,085 REFL

Mirror 5 394,891 -430,827 REFL

Mirror 6 527,648 501 ,480 REFL

Image plane INFINITY 0,000

Coefficient M 1 M2 M3 M4 M5 M6

K -6.934683E+00 -1.133415E+02 -4.491203E+00 2,864941 E-0 1 6,830961 E+00 8,266681 E-02

Y 0,OOOOOOE+00 O.OOOOOOE+00 O.OOOOOOE-t-00 0,0O0O00E+OO 0,000000E+00 O,O000O0E+O0

X2 -1.784786E-04 -1.625398E-04 -4.091759E-04 - 1 ,28321 3E-05 1.852188E-04 1.527974E-06

Y2 -1.924874E-04 -2.007476E-04 -4.089273E-04 -3,38571 3E-05 1.462618E-04 1.999354E-06

X2Y 7.567253E-08 3.033726E-07 4,5631 27E-07 3.550829E-08 2.779793E-07 6.063643E-10

Y3 4.318244E-08 4.548440E-09 -4.162578E-08 -2.113434E-08 6.705950E-07 5.861708E-09

X4 -4.430972E-10 - 1 .014203E-09 4.055457E-09 -6.220378E-1 1 -8.891669E-10 -1.395997E-1 1

X2Y2 -8.520546E-10 -6,881 264E-10 8,93991 1E-09 -1.392199E-10 5.141975E-09 -1.167067E-1 1

Y4 -4.543477E-10 9.382921E-10 5.474325E-09 -6.995794E-1 1 5.400196E-10 3.206239E-12

X4Y -2.099305E-14 -4.394241E-13 -5.095787E-12 - 1 . 1 16149E-14 -3.574353E-13 5.504390E-15

X2Y3 -9.594625E-14 -5.563377E-12 -2,467721 E-1 2 1.007439E-14 1.351005E-1 1 1.988648E-14

Y5 -6.552756E-13 -1.586808E-1 1 3,4331 29E-1 1 1.283373E-12 5.833169E-1 1 8.273816E-15

X6 -5.518407E-17 -4.175604E-15 -2.733992E-14 -9.578075E-17 -7,907746E- 14 -2.8441 19E-17

X4Y2 1.982470E-16 5.202976E-15 -3.722675E-14 1.225726E-16 2.278266E-14 -2.154623E-17

X2Y4 3,5304 34E-16 2.469563E-14 -2.047537E-13 - 1 .207944E-15 2,53001 6E-1 3 2.350448E-18

Y6 1.142642E-15 2.708016E-14 -7.131019E-34 1.880641E-14 1.622798E-13 -9.962638E-18

X6Y -6,79051 2E-20 -1.328271E-17 -2.926272E-16 -2.248097E-19 -4.457988E-16 8.532237E-21

X4Y3 -6.322471E-19 3.9084S6E-17 -2.737455E-16 -7.629602E-20 1.416184E-15 3.243375E-20

X2Y5 - 1 .195858E-17 -5.908420E-17 6.146576E-1 5 1.102606E-16 3.414825E-15 -2.740056E-21

Y7 2,3501 0 1E-1 7 -1.477424E-15 5.232866E-14 1.218965E-15 1.819850E-15 -1.903739E-19

X8 -6.917298E-22 8.248359E-20 6.770710E-19 9.667078E-22 -3,953231 E-39 -4.407667E-23

X6Y2 -4.633739E-22 1.268409E-19 -1.035701E-18 -6,0061 55E-20 2.725218E-38 -6,933821 E-23

X4Y4 -1.497254E-20 - 1 .719209E-18 -3.217683E-18 -1,742201 E-20 -1.679944E-39 4.964397E-23

X2Y6 -3.969941E-20 -3.497307E-18 4.228227E-17 -2.656234E-18 4.61 1895E-1 8 1.663632E-22

Y8 6.708554E-20 1.187270E-18 2.685040E-38 -1.611964E-39 4.730942E-18 6.011 162E-23

X8Y -4.466562E-24 3,597751 E-23 2.879249E-20 - 1 .588496E-23 -5.662885E-20 5.805689E-26

X6Y3 2.874487E-23 1.003878E-20 6.793162E-20 3,4381 83E-23 -1.071225E-20 -1.310631E-25

X4Y5 2,24961 2E-23 1.390470E-20 1.950655E-19 1.008316E-21 -6,0621 62E-20 -3.380438E-25

X2Y7 5.258895E-22 2.194560E-20 -2.724912E-18 -3.405763E-20 -1.780372E-19 1,6491 13E-25

Y9 -4.497858E-21 2.311634E-19 -2.656603E-17 -3.124398E-19 -1.417439E-19 2.296226E-24

X 10 O.OOOOOOE+00 -6.351950E-24 -8.560053E-23 -4,33991 2E-26 -8,43061 4E-22 -3,38861 OE-28

X8Y2 0,OOOOOOE+00 4.523937E-24 9,7921 40E-22 2.952972E-24 9.614763E-23 1,083831 E-27

X6Y4 0,OOOOOOE+00 -9.774541 E-23 -2.428620E-21 -5.303412E-24 - 1 .020095E-22 3.199302E-27

X4Y6 O.OOOOOOE+00 4.7041 50E-23 1.195308E-42 2.279968E-23 -6,658041 E-23 1.968405E-27

X2Y8 0,000000E+00 1.270549E-22 1.329832E-41 8.858543E-22 5.185397E-22 3.257732E-28



Y10 O.OOOOOOE+00 -1.244299E-21 -8.254524E-44 -6.003123E-22 5.204197E-23 1.473250E-27

NRadius 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00 1.000000E+00

Coefficient M 1 M2 M3 M4 M5 M6 Image

Y-Decentrat ιon 37,685 -15.713 -139,004 -151,477 -395,184 -440,921 0,000

X-Rotation 0,326 -3,648 -5,539 -5,647 4,878 5,248 0,000

In Fig. 5, the reference numeral 18 denotes a chief ray which is allocated to

a central object field point. The reference numeral 19 refers to a normal to

the object plane 5 in Fig. 5, said normal passing through the central object

5 field point. In other words, the chief ray 18 and the normal 19 intersect in

the object plane 5. When the chief ray 18 continues to propagate along its

path between the object plane 5 and the image plane 9, the distance of the

chief ray 18 from the normal 19 increases monotonically. When the chief

ray 18 passes through the image plane, in other words in the central image

0 field point, this distance is identical to the object image shift dois- As the

distance of the chief ray 18 from the normal 19 increases monotonically

along the beam path between the object plane 5 and the image plane 9,

there will be no decrease in distance along the entire beam path. In the pro

jection optics 16, this distance increases continuously until the chief ray 18

5 impinges upon the last mirror M6. Between the point of incidence of the

chief ray 18 on the mirror M6 and the image plane 9, this distance remains

constant.

Fig. 6, which is less diagrammatic than Fig. 1, shows the projection expo-

0 sure apparatus 1 which is equipped with the projection optics 16. Compo

nents, which correspond to those that have already been explained above in

relation to Figs. 1 to 5 in particular, have the same reference numerals and

are not discussed in detail again.



Having been emitted by the light source 2, the illumination light 3 is in i

tially collected by a collector 20 which is illustrated diagrammatically in

Fig. 6.

In contrast to the illustration according to Fig. 1, the illustration according

to Fig. 6 shows the light source 2 on a level which is below the level of the

image plane 9 in Fig. 6 . The illumination light 3 collected by the collector

20 therefore needs to be guided past the substrate holder 12.

In the embodiment according to Fig. 6, the illumination optics 6 comprises

a field facet mirror 2 1 which is disposed downstream of the collector 20,

and a pupil facet mirror 22 which is disposed downstream of said field

facet mirror 2 1. The two facet mirrors 21, 22 are used to achieve a defined

setting of an intensity distribution and of an illumination angle distribution

of the illumination light 3 across the object field 4. Between the collector

20 and the field facet mirror 21, there is an intermediate focus 23 which is

disposed in the beam path of the illumination light 3. The large object im

age shift dois of the projection optics 16 according to Figs. 5 and 6 allows

the beam path to extend normally, in other words vertically, to the object

plane 5 and to the image plane 9. Excessively large incidence angles on the

mirrors guiding the illumination light 3 are therefore not required for guid

ing the illumination light 3 past the substrate holder 12.

The projection exposure apparatus 1 comprising the projection optics 16

according to Fig. 6 has an intermediate-focus image shift D of 855 mm.

The intermediate-focus image shift D is defined as the distance of a central

point of the image field 8 form a penetration point of a normal from the

intermediate focus 23 to the image plane 9.



A ratio between the overall length T of the projection optics 16 and the in

termediate-focus image shift D amounts to T/D = 1.75 in the projection

exposure apparatus 1 according to Fig. 6.

Fig. 7 is a similar illustration to Fig. 6 of a projection exposure apparatus 1

comprising the projection optics 16 according to Fig. 6 and comprising an

other embodiment of an illumination optics 6 . Components which corre

spond to those that have already been explained above in relation to Figs. 1

to 6, in particular to Fig. 6, have the same reference numerals and are not

discussed in detail again.

In contrast to the illumination optics 6 of the embodiment according to Fig.

6, the embodiment according to Fig. 7 comprises a pupil facet mirror 22

with a through opening 24 for the illumination light 3. The illumination

light 3 passes through the through opening 24 along the beam path between

the collector 20 and the field facet mirror 2 1. In the embodiment according

to Fig. 7, the intermediate focus 23 is disposed in the vicinity of the

through opening 24.

In the projection exposure apparatus 1 according to Fig. 7, an intermediate-

focus image shift D amounts to 703 mm. Therefore, a ratio between the

overall length T of the projection optics 16, which is identical to the proj ec

tion optics 16 according to Fig. 6, and the intermediate-focus image shift D

amounts to T/D = 2. 12.

The beam path between the collector 20 and the field facet mirror 2 1 makes

an angle γ of 81° with the object plane 5 and with the image plane 9. Con

sequently, the beam path deviates from the normal by only 9°.



By means of the illumination optics 6 according to Fig. 7, a particularly

small maximum incidence angle of the illumination light 3 impinging upon

the field facet mirror 2 1 is achieved.

The projection optical systems 7, 14, 15 and 16 are bundle-guiding compo

nents and therefore comprise only mirrors. These projection optical sys

tems 7, 14, 15, 16 are therefore referred to as mirror projection objectives.

When producing a microstructured component by means of the projection

exposure apparatus 1, the reflection mask 10 and the substrate 11 are pro

vided in a first step. Afterwards, a structure on the reflection mask 10 is

projected onto a light-sensitive layer on the wafer 11 by means of the pro

jection optics 7, 14, 15 or 16 of the projection exposure apparatus 1. The

light-sensitive layer is then developed into a microstructure on the wafer 11

which is then developed into the microstructured component.



Claims

1. Projection objective (7; 14; 15) for microlithography for imaging an

object field (4) in an object plane (5) into an image field (8) in an im-

age plane (9), the projection objective (7; 14; 15) comprising

at least six mirrors (Ml to M6) of which at least one mirror has a

freeform reflecting surface,

wherein the ratio between an overall length (T) of the projection

objective (7; 14; 15) and an object image shift (dOis) is smaller than

12.

2. Projection objective (7; 14; 15) for microlithography for imaging an

object field (4) in an object plane (5) into an image field (8) in an im

age plane (9), the projection objective (7; 14; 15) comprising

at least six mirrors (Ml to M6) of which at least one mirror has a

freeform reflecting surface,

wherein the image plane (9) is the first field plane of the projection

objective (7; 14; 15) downstream of the object plane (5).

3. Projection objective according to claim 1 or 2, characterized by a ra

tio between an overall length (T) and an object image shift (dOis) which

is smaller than 5.

4. Projection objective according to one of claims 1 to 3, characterized

in that the freeform reflecting surface is a biconical surface.

5 . Projection objective (7; 14; 15) for microlithography for imaging an

object field (4) in an object plane (5) into an image field (8) in an im

age plane (9), the projection objective (7; 14; 15) comprising



a plurality of mirrors (Ml to M6),

characterized by a ratio between an overall length (T) and an object

image shift (dOis) which is smaller than 2.

6. Projection objective according to claim 5, characterized by at least six

mirrors (Ml to M6).

7. Projection objective according to claim 5 or 6, characterized in that at

least one of the mirrors (Ml to M6) has a freeform reflecting surface.

8. Projection objective according to claim 7, characterized in that the

freeform reflecting surface is a biconical surface.

9. Projection objective according to one of claims 5 to 8, characterized

in that the image plane (9) is the first field plane of the projection ob

jective (7; 14; 15) downstream of the object plane (5).

10. Projection objective (16) for microlithography for imaging an object

field (4) in an object plane (5) into an image field (8) in an image plane

(9), the projection objective (16) comprising

a plurality of mirrors (Ml to M6) of which at least one mirror has a

freeform reflecting surface;

at least one intermediate image plane (17) between the object plane

(5) and the image plane (9),

- wherein the ratio between an overall length (T) of the projection

objective (16) and an object image shift (døis) is smaller than 12.



11. Projection objective according to claim 10, characterized by a ratio

between an overall length (T) and an object image shift (dois) which is

smaller than 5.

12. Projection objective according to claim 10 or 11, characterized in

that the freeform reflecting surface is describable using the surface

equation

Z = + cJx
mγn

with

. _ (m +n)2 +m +3n

Z: sagittal height of the freeform surface at the point x, y (x2 + y2= r2) ;

c : constant which represents the apex curvature of a corresponding

asphere;

k : conical constant of a corresponding asphere;

CJ: coefficients of the monomials XmYn.

13. Projection objective according to one of claims 1 to 12, characterized in

that the distance between

a chief ray (18) of a central object field point and

a normal (19) to the object plane (5), the normal (19) passing through

the central object field point
J

increases monotonically along a path of the chief ray (18) which starts at

the object field (5) and propagates to the image field (9).



14. Projection objective according to one of claims 1 to 13, characterized by

an object image shift (dOιs) which is greater than 200 mm.

15. Projection objective according to one of claims 1 to 14, characterized in

that the ratio of a difference between a largest (αmax) and a smallest (αmm)

incidence angle of imaging beams (13) impinging upon one of the mirrors

(Ml to M6) on the one hand to a numerical aperture on the image side of

the projection objective on the other amounts to a maximum of 60°.

16. Projection objective according to one of claims 1 to 15, characterized by

a numerical aperture on the image side of at least 0.25

17. Projection objective according to one of claims 1 to 16, characterized by

a field size of the object field (4) and/or the image field (8) of at least 2

mm x 26 mm.

18. Projection objective according to one of claims 1 to 17, characterized by

an incidence angle (β) of an imaging beam (13) allocated to a central ob

ject field point on the object field (4) in the range between 5° and 9°.

19. Optical system comprising

an illumination optics (6) for microlithography for guiding illumina

tion light (3) which is emitted by a light source (2), and for illuminat

ing an object field (4);

a projection optics (16) for imaging the object field (4) into an image

field (8),

wherein the illumination optics (6) is designed in such a way that the

illumination light (3) has an intermediate focus (23) between the light

source (2) and the object field (4),



characterized by a ratio between an overall length (T) of the projection

optics (16) and an intermediate-focus image shift (D) which is smaller

than 5 .

20. Optical system according to claim 19, characterized in that the proj ec

tion optics is a projection objective according to one of claims 1 to 18.

2 1. Optical system according to one of claims 19 to 20, characterized in that

the intermediate focus (23) is arranged in the vicinity of a through open

ing (24) of a component (22) of the illumination optics (6).

22. Optical system according to one of claims 19 to 21, characterized in that

the illumination optics (6) comprises a collector (20) and a maximum of

three mirrors (21, 22) for guiding the illumination light (3).

23. Projection exposure apparatus (1) comprising an optical system according

to one of claims 19 to 22.

24. Method of producing a microstructured component using the following

steps:

providing a reticle ( 10) and a wafer ( 11);

projecting a structure on the reticle (10) onto a light-sensitive layer of

the wafer ( 11) by means of the projection exposure apparatus accord

ing to claim 23;

creating a microstructure on the wafer ( 1 1).

25. Microstructured component which is produced using a method according

to claim 24.
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