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(54) Title: BUNDLE-GUIDING OPTICAL COLLECTOR FOR COLLECTING THE EMISSION OF A RADIATION SOURCE

(57) Abstract: A bundle-guiding op-
tical collector (10) serves for collecting
an emission of a radiation source (2)
and for forming a radiation bundle from
the collected emission. A reflective
surface of the collector (10) is the first
bundle- forming surface downstream of
the radiation source (2). The reflective
sur face is formed such that it converts
the radiation source (2) into a family
of images in a downstream plane (11),
the family of images consisting of a
plurality of radiation source images
(19) which are offset to each other in
two dimensions (X, y) in a direction
perpendicular to the beam direction (13)
of the transformed radiation bundle (8)
and are arranged relative to each other
in a non-rotationally symmetric manner
relative to the beam direction (13) of the
transformed radiation bundle (8), with
the result that the transformed radiation
bundle (8) in the downstream plane
(11) has a non-rotationally symmetric
bundle edge contour (11a) relative to the
beam direction (13) of the transformed
radiation bundle (8). The result is a
collector in which the radiation bundle

shape generated by said collector, in other words the illumination distribution generated by said collector in a defined manner in the
plane downstream of the collector, has a shape which is freely selectable to the greatest possible extent.
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Bundle-guiding optical collector for collecting the emission of a radia-

tion source

The invention concerns a bundle-guiding optical collector for collecting an
emission of a radiation source according to the preamble of claim 1. The
invention further concerns an EUV illumination system, an EUV projection
exposure apparatus, a production method for a microstructured component

and a microstructured component produced according to a method of this

type.

Collectors of the type named at the outset, which in particular serve for
collection of the emission of EUV (extreme ultraviolet) radiation sources
which emit radiation for example in the wavelength range of between 10
nm and 30 nm, are for instance disclosed in WO 2007/045 434 A2, US
6,438,199 B1, US 6,507,440 B1 and US 5,339,346 A.

EUYV radiation sources generally have radiation patterns which are rota-
tionally symmetric or axially symmetric relative to a radiation axis. The
assigned collectors are generally designed such that the EUV radiation is

collected in an axially symmetric solid angle which is as large as possible.

Depending on the requirements which are posed on an illumination system
comprising a collector of this type with respect to the defined illumination
of an illumination field, a radiation bundle needs to be formed downstream
of the collector. This required shape of the radiation bundle generally devi-
ates from a rotationally symmetric bundle shape. Prior-art collectors having
radiation bundle shapes that deviate from rotational symmetry are only

suitable for special cases.
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It is therefore an object of the present invention to develop a collector of
the type named at the outset such that the shape of the radiation bundle
shape, in other words the illumination distribution generated by the collec-
tor in the plane downstream of the collector, is freely selectable to the

greatest possible extent,

This object is achieved according to the invention by a collector having the
features set out in claim 1 and by a collector having the features set out in

claim 2.

It has been found according to the invention that the idea of converting the
radiation source into a plurality of radiation source images which are two-
dimensionally offset relative to each other according to claim 1 or into a
bundle edge contour according to claim 2 offers the possibility of providing
virtually any shape of illumination distributions in a plane downstream of
the collector, said plane also being referred to as bundle forming plane. The
collector according to the invention is therefore in particular suitable for
illumination systems in which an illumination distribution deviating from
the rotational symmetry in a defined manner is required in a downstream
illumination field. This illumination distribution need not be generated by
shadowing of illumination light, with the result that the rate of useful emis-
sion of the radiation source increases. The precise shape of the reflective
surface of the collector can be defined by means of a corresponding algo-
rithm for modifying the imaging into the radiation source images according
to claim | or the forming of the bundle edge contour, in other words the
edge of the optically used region of the reflective surface of the bundle-
guiding optical collector, according to claim 2. A mathematical algorithm
of this type is known from Kochengin and Oliker, Inverse Problems 13

(1997), p. 363 to 367. The emission of the radiation source can be collected
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by means of the optical collector either directly or by means of an interme-

diate image of the radiation source.

An embodiment of the reflective surface according to claim 3 is in particu-
lar applicable for illumination of a specular reflector which is described in
US 2006/0132747 A1. The bundle edge contour of the transformed radia-
tion bundle, and therefore the illumination distribution on the specular re-
flector, is adapted to the shape of the illumination field which generally
deviates from the rotational symmetry. In particular if it is desired to illu-
minate an illumination field with a high aspect ratio, for instance a rectan-
gular or an arcuate annular field, the illumination distribution required on
the specular reflector greatly deviates from the rotational symmetry. In
such an embodiment, the flexibility of the reflector according to the inven-
tion is particularly effective when producing illumination distributions of
virtually any shape. The bundle edge contour in the downstream plane and
thus the illumination distribution can be generated by back projection from
the shapes of a pupil illumination distribution of a downstream imaging
optics on the one hand and from the shape of an illumination or object field
on the other hand, which is to be illuminated using the transformed radia-
tion bundle and is disposed upstream of the imaging optics. The back pro-
Jection then takes place from the direction of the illuminated pupil plane of
the imaging optics through the object field and on the downstream plane. In
the case of an arcuate illumination field for example, the illumination dis-
tribution in the downstream plane may have the shape of a kidney or of a

bean.

An embodiment of the reflective surface according to claim 4 is particu-
larly advantageous if an illumination of the field facet mirror is required

that deviates from the rotational symmetry to a greater extent. US
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7,186,983 B2 provides an example of such an illumination of a field facet

mirror.

A facet division according to claim 5 enables the illumination distribution
to be formed by defining the relative positions of the radiation source im-
ages relative to each other, the radiation source images being provided by

the individual facets in the bundle forming plane.

An arrangement of the facets according to claim 6 in the shape of a parquet
or a tiling pattern advantageously uses virtually the entire reflective surface
so that virtually no useful radiation gets lost when reflected at the collector.
This enables a gap-free and non-overlapping coverage of the reflective sur-
face to be achieved. Such tiling patterns are known from mathematical the-
ory. Homogeneous tiling patterns, regular tiling patterns but also inhomo-

geneous tiling patterns are conceivable.

Different facet areas according to claim 7 enable the intensity distribution
to be adapted within the illumination distribution to be set in the bundle
forming plane. This can also be used to compensate for an inhomogeneous
emission of the radiation source or to precompensate for downstream in-

homogeneities.

Facets according to claim 8 ensure an in particular maximum coverage rate
of the entire collector surface with the individual facets. In particular, types
of coverage may be chosen which enable a slight variation of incidence

angles on the collector to be achieved.

An arrangement according to claim 9 ensures a clear assignment of the fac-

ets to regions of the illumination distribution in the bundle forming plane.



WO 2009/036957

10

15

20

25

PCT/EP2008/007756

-5

Reflector surfaces according to claims 10 and 11 enable a defined imaging

of the radiation source to be achieved.

A smoothing operation according to claim 12 or 13 avoids discrete inten-
sity peaks in an illumination field which is to be illuminated by the radia-
tion guidance by means of the collector. Smoothing can for example be
performed by parameterization of the reflective surface by means of a con-
tinuous set of functions, for instance by means of Zernike functions.

Smoothing may also be performed by means of Spline functions.

A shaping of the reflective surface according to claim 14 enables the divi-
sion of the radiation source image to be adapted to the respective illumina-
tion requirements. Examples of such a conic section include a circle, an
ellipse, a hyperbola and a parabola. The section which is not parameteriz-
able by way of a conic section may be a freeform section which is not de-
scribable by way of a closed analytic function but by way of a series ex-

pansion, for example.

A reflective surface designed as a freeform surface according to claim 15
offers a sufficient amount of degrees of freedom for the arrangement of the
radiation source images, which is adapted to the requirements of the illu-
mination. The freeform surface can be parameterized in the manner as dis-
closed for example in US 2007-0058269 A1 with respect to the shaping of
Mirrors in projection objectives for microlithographic projection exposure
apparatuses. Likewise, Spline functions or Zernike functions can be used

for parameterization of such a freeform surface as well.

A reflective surface which is actively changeable in shape according to

claim 16 enables dynamically different illuminations to be provided in the
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bundle forming area, depending on the requirements on the illumination
side. Via the shaping of the collector, it is thus possible to provide illumi-
nation distributions which may then serve to define different illumination

settings in the downstream optical components of an illumination system.

An adaptation of tilting angles according to claim 17 improves the optical
properties of the illumination. This enables in particular imaging errors of
downstream optics in an illumination system comprising the collector to be

compensated for to at least some extent.

The advantages of an illumination system according to claim 18 and a pro-
jection exposure apparatus according to claim 19 correspond to those al-

ready described above in relation to the inventive collector.

A projection exposure apparatus according to claim 20 is in particular suit-
able for defining an illumination setting with a single bundle-guiding opti-
cal element between the collector and the object. This guarantees an illu-

mination with as few losses as possible.

The advantages of a production method according to claim 21 and of a mi-
crostructured component according to claim 22 correspond to those already

described above.

Embodiments of the invention will hereinafter be described in more detail

by means of the drawing in which

Fig. i shows a schematic meridional sectional view of an EUV illumi-

nation system of an EUV projection exposure apparatus:
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Fig. 1a  shows a reduced view (compared to Fig. 1) of a collector of the

~ EUV illumination system from direction Ia;

Fig. 2 shows the shape of an illumination distribution of an EUV radia-

5 tion bundle in a plane 1I-1I in Fig. 1;

Fig. 3 shows a schematic view, illustrating reflective components, of
an EUV projection exposure apparatus comprising the EUV il-
lumination system according to claim 1;

10

Fig. 4 shows a schematic view of the imaging effect of three selected
facets of a bundle-guiding optical collector of the EUV illumi-
nation system according to Fig. 1 for collecting the emission of
the EUV radiation source and for forming an EUV radiation

15 bundle from the collected emission;

Fig. 5 shows a schematic view similar to Fig. 1 of the guidance of the
EUV radiation bundle between the plane shown in Fig. 2 and an
entrance pupil plane of a projection objective of the EUV pro-

20 jection exposure apparatus;

Fig. 6 shows the illumination of an object field or illumination field,
respectively, in an object plane of the EUV projection exposure
apparatus;

25

Fig. 7 shows the illumination of an entrance pupil of the projection

objective:
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shows a distribution of facets on the collector of the EUV illu-

mination system;

shows an illumination distribution generated by the facet distri-
bution of Fig. 8 in the plane of Fig. 2 prior to smoothing of the

reflective surface of the collector;

shows a procedural sequence for the determination of Fringe-

Zernike polynomials;

shows the illumination distribution according to claim 9 after

smoothing of the reflective surface;

shows another embodiment of an EUV illumination system for

an EUV projection exposure apparatus;

shows a field facet mirror of the EUV illumination system ac-

cording to Fig. 12;

shows a view similar to Fig. 8 of another embodiment of a facet
distribution on an EUV collector which is applicable in an EUV

illumination system which is similar to that of Figs. 12 and 13;

shows an illumination distribution prior to a smoothing of the
reflective surface of the collector, the illumination distribution
being generated by the collector of Fig. 14 in a plane in which is
arranged a field raster element of the EUV illumination system

similar to Fig. 12;
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Fig. 16  shows the illumination distribution according to Fig. 15 after

smoothing of the reflective surface of the collector; and

Fig. 17  shows a view similar to Fig. 1 of an alternative illumination of a
bundle forming plane in an EUV illumination system of an EUV
projection exposure apparatus comprising another version of a

collector.

An EUV illumination system 1 is shown in Fig. 1 in a schematic view be-
tween an EUV radiation source 2 and an illumination field plane, or object
plane, 3. The EUV illumination system 1 serves for defined illumination of
an arcuate illumination field 4 according to Fig. 6 in the illumination field
plane 3. The illumination field 4 illuminates a reflective reticle 5 (cf. Fig.
3). The illumination field 4 is imaged into an image field in an image plane
6 by means of a projection objective not shown in detail in which a wafer is
disposed which is provided with an EUV-radiation-sensitive coating. A
Cartesian x-y-z coordinate system will be used in the following description
in order to facilitate the description of relative positions. In Fig. |, the x-
axis extends perpendicularly into the drawing plane. The y-axis extends
upwardly. The z-axis extends to the right-hand side. The EUV illumination
system 1 and the EUV projection objective are components of an EUV pro-
Jection exposure apparatus 7, which is shown as a whole in the schematic
view of Fig. 3, for the production of microstructured or nanostructured in-
tegrated semiconductor components. The EUV projection exposure appara-
tus 7 1s designed in the manner of a scanner. The scan direction is parallel
to the short sides of the arcuate illumination field, thus extending in the y-

direction in Fig. 1.
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The EUV radiation source emits EUV emission approximately uniformly
in all directions. An EUV emission 8a with a half-angle of aperture o of
44.4°, in other words a source-side radiation bundle, is collected by a sur-
face 9 of an EUV collector 10, which is reflective of EUV radiation, and is
formed into a transformed radiation bundle &. The collected numerical ap-
erture at the radiation source 2 thus amounts to NA = 0.7, with the reflec-
tive surface 9 being the first bundle-forming surface downstream of the
EUYV radiation source 2. The reflective surface 9 is thus the first bundle-
guiding surface which influences the shape of the EUV radiation bundle §.
A plane mirror surface is an example of a bundle-guiding surface which,

unlike the reflective surface 9, has no influence on the shape.

The distance of the radiation source 2 from the collector 10 amounts to 400

mim.

Fig. l1a shows an edge contour 10a of the surface on the EUV collector 10
which is provided for exposure to the source-side radiation bundle 8a. The
edge contour 10a has a circular shape which, in other words, is mirror-
symmetric with respect to two perpendicular axes spanning the edge con-

tour 10a. These two axes are in particular the x- and the y-axis.

The reflective surface 9 is formed such as to convert the EUV radiation
source 2 into a plurality of adjacent radiation source images which are ar-
ranged relative to each other in a defined manner in a downstream bundle

forming plane 11, as will be explained in more detail below.

When seen in a sectional view. the EUV radiation bundle 8 has an ap-

proximately kidney- or bean-shaped edge contour 1 la in the bundle form-
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ing plane 11, with the result that the illumination distribution 12 shown in

Fig. 2 is obtained.

Fig. 1 shows a stretched view of the EUV illumination system along an
optical axis 13, wherein for purposes of simplifying the illustration, neither
the folded design of the illumination system 1 nor the reflective effect of
optical components downstream of the collector 10 are shown. The optical
axis 13 extends along the z-axis of Fig. 1. The optical axis 13 in turn coin-
cides with a main beam direction of the transformed EUV radiation bundle

8.

The bundle edge contour 11a is formed such that it is mirror-symmetric
relative to a maximum of one axis, namely the y-axis of Fig. 2 which, in
the vicinity of the bundle forming plane 11, is perpendicular to a main
beam direction of the radiation bundle 8, the main beam direction coincid-

ing with the optical axis 13.

Fig. 3 shows the EUV projection exposure apparatus 7 in the vicinity of the
EUV illumination system 1, including the folding effect of the reflective
elements ilfustrated in Fig. 3. At the location of the bundle forming plane
11 1s arranged a specular reflector 14 which forms the incident EUV radia-
tion bundle 8 hitting the specular reflector with the illumination distribu-
tion 12 such that the EUV radiation bundle 8 illuminates the illumination
field 4 in the illumination field plane 3, in other words the reticle plane or
the object plane, wherein a homogeneously illuminated pupil illumination
distribution 16 with a circular edge is obtained in an entrance pupil plane
I5 of the EUV projection objective disposed downstream of the reticle S.
said pupil illumination distribution 16, also referred to as illumination set-

ting, being shown in a schematic view in Fig. 7. The illumination setting 16
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is a conventional illumination setting. Other illumination settings, such as
an annular illumination setting, a dipole illumination setting or a quadru-
pole illumination setting, are conceivable as well, provided that the reflec-

tive surface 9 of the EUV collector 10 is designed accordingly.

The distance of the collector 10 from the specular reflector 14 amounts to

1800 mun.

The effect of the specular reflector 14 is described in US 2006/0132747
Al. Each individual channel, in other words each facet of said specular
reflector 14, generates an image of the radiation source 2 on the reticle 3,
said image being so small that an overexposure of the arcuate illumination
field 4 is avoided. If a central circular element with a radius of 2.5 mm is
blocked out in the bundle forming plane 11, a similarly circular and homo-
geneous illumination distribution of a comparable diameter is obtained in
the object plane 3. If a corresponding extraaxial circular element with a
radius of 2.5 mm is blocked out in the bundle forming plane 11, this results
in a change of the illumination distribution in the object plane 3, wherein
this change is such that the function of the specular reflector 14 is main-

tained.

The reflective surface 9 is formed such that the plurality of radiation source
images generated thereby has an arrangement, namely the illumination dis-
tribution 12, which is adapted to the shape of the illumination field 4 to be
illuminated. To this end, the surface 9 is divided into a plurality of reflec-
tive facets | 7 which complement each other to form a total reflector sur-
face of the reflective surface 9. The facets |7 cover the reflective surface 9

in the manner of a parquet or a tiling, with the result that the total reflector
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surface, in other words the entire, useful reflective surface, has virtually the

same size as the reflective surface 9 itself.

Fig. 4 shows an example of the imaging effect of three facets 17a, 17b, 17¢
selected from among the facets 17 of the reflective surface 9. The reflective
surfaces of the individual facets 17a to 17¢ are sections of spheroids 18
which, for illustrative purposes, are shown in a sectional view in Fig. 4.
The EUV radiation source 2 is disposed in one of the two focal points of
these spheroids 18. One radiation source image 19 is in each case disposed
in the second focal pbint of the spheroids 18. The radiation source images
19 are assigned to raster points in the bundle forming plane 11. The respec-
tive raster point, in other words the location of the radiation source image
19 in the bundle forming plane 11, can be selected by means of the tilting
angle of the facets 17a to 17c. Owing to the raster arrangement, the radia-
tion source images 19 are arranged offset to each other in two dimensions,
namely in the x-direction and in the y-direction. The plurality of the radia-
tion source images 19 defines a family of images. The edge contour of this
family of images is at the same time an edge contour of the transformed
radiation bundle 8 in the bundle forming plane 11. This bundle edge con-
tour in the bundle forming plane 11 is non-rotationally symmetric relative

to the beam direction 13 of the transformed radiation bundle §.

The facets 17a to 17¢c can be actively tiltable. To this end, each facet 17a to
17c 1s individually connected, via a mechanical connection 20, to an actua-

tor 21 which may for instance be a piezoelectric actuator.

When the facets 17a to | 7¢ are tilted. the second focal point of the sphe-
roids |8, in other words the location of the respective radiation source im-

age 19, is tilted to a corresponding degree. Depending on the tilting angle,
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this results in that the radiation source images 19 may travel out of the
bundle forming plane 11. This may result in a blurring of the radiation
source images 19 on the specular reflector 14, which may even be desired,
for instance for homogenization of the illumination of the illumination field

4.

The individual facets 17 may be arranged relative to each other in a dis-
crete manner, in other words they may have reflective surfaces that are in-
dependent from each other. Alternatively, the individual facets 17 may also
be designed as merging sections of a single reflective surface. The such
designed reflective surface 9 may in furn be actively deformable by means
of a mechanical connection between the location of every individual facet
17 and an actuator, thus enabling the reflective surface 9 to be deformed at
the location of respective individual facets 17. Tilting angles of the active
facets 17 may be adapted such that imaging errors caused by downstream

components are compensated.

Fig. S illustrates the effect of the specular reflector 14. Likewise, the specu-
lar reflector 14 also comprises a plurality of individual facets as described
in US 2006/0132747 Al. Emanating from a subset of the facets of the
specular reflector 14, an convergent individual radiation bundle 22 with an
angle of aperture B of NA = (.25/4 and a main beam 23 generates a suffi-
ciently small spot of light in the illumination field plane 3, thus illuminat-
ing the pupil illumination distribution 16 in the entrance pupil plane 15. All
individual radiation bundles 22 emanating from the kidney-shaped illumi-
nation distribution 12 complement each other in the illumination field
plane 3 to form the arcuate illumination field 4, with each of the individual
radiation bundles 22 illuminating the entire pupil illumination distribution

16. The shape of the illumination distribution 12 is thus defined by a back



WO 2009/036957 PCT/EP2008/007756

10

15

20

25

-15-

projection of the shape of the illumination field 4 with the shape of the pu-

pil illumination distribution 16.

Fig. 8 shows a possible coverage of the reflective surface 9 of the EUV
collector 10 with the facets 17 for generation of the kidney-shaped illumi-
nation distribution 12 in the bundle forming plane 11- This coverage is ar-
ranged in a parquet or a tiling pattern on the reflective surface 9. This cov-
erage was obtained by means of an algorithm which is described in Ko-
chengin and Oliker, Inverse Problems 13 (1997), p. 363 to 367. Along with
the active facets 17 for generating the illumination distribution 12, non-
active facets 24 are shown at the edge of Fig. 8 which are smaller in area
and do not generate any useful light within the kidney-shaped illumination
distribution 12. The non-active facets 24 are a mathematical consequence,
since the illumination distribution emanates from a rectangular facet raster.
Coverages without such non-active facets 24 are conceivable as well, for
instance by using a basic raster with a curved edge region. The absolute
reflective surface area is the approximately same for all of the active facets
17 while edge regions thereof are shaped differently. In order to generate
an indentation 25 in the kidney-shaped illumination distribution 12, the
facets 17 are extended to a much greater degree in a section 26 of the re-
flective surface 9, shown in a central position at the top of Fig. 8, when
seen in the vertical direction of Fig. 8 than in the horizontal direction of
Fig. 8. This causes the reflective surface 9 to comprise less horizontal rows
of active facets 17 in the central region than in lateral sections 27 at the
level of protuberances 28 of the illumination distribution 12 which are ad-
jacent to the indentation 25. The height of rows and the width of columns
in which the active facets | 7 are arranged thus varies along the course of
the rows and columns from one side of the reflective surface 9 of the col-

lector 10 to the other.
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Fig. 9 shows a discrete illumination distribution 29 at the location of the
bundle forming plane 11, said illumination distribution 29 being the result
of discrete active facets 17 which are disposed in the arrangement accord-
ing to Fig. 8, wherein respective sections of the reflective facet surfaces are
shaped in the manner of spheroids like the facets 17a to 17¢ according to
Fig. 4. In this case, a discrete raster of radiation source images 19 is pre-
sent, wherein the raster arrangement according to Fig. 9 corresponds to the
row-and-column arrangement of the active facets 17 as shown in Fig. 8.
The tilting angles of the active facets 17 relative to a main plane of the col-
lector 10 are therefore comparatively small in terms of generation of the
discrete illumination distribution 29. Comparatively large tilting angles,
which are however still small when seen from an absolute point of view,
are present in the region of those active facets 17 which illuminate the edge
of the indentation 25, since this edge is illuminated by active facets 17
which are disposed near the edge of the EUV collector 10; in order to gen-
erate the indentation 25, however, these facets 17 need to deflect their as-
signed individual EUV radiation bundles towards the optical axis 13 to a

relatively great extent.

The discrete illumination distribution 29 is converted into the continuous
illumination distribution 12 by smoothing the edge regions of the individ-
ual facets 17, in other words by eliminating the discrete facet shapes. The
smoothing operation results in that the reflective surface 9 is continuously
differentiable at any position within the edges thereof and is therefore eas-
ier to produce. The continuous illumination distribution 12 is again shown
in greater detail in Fig. 1 1. The denser the bold hatch pattern within the
edge contour 11a, the higher the illumination intensity. The less dense
hatching in the region next to the edge contour [ {a shows the section of

lowest intensity within the edge contour 11a. Smoothing is performed by
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scanning the reflective surface 9 of the EUV collector using an equidistant
raster of 1024 x 1024 pixels and defining the surface shape according to

Fringe-Zernike functions:

Az(xy) Zc -Z, h h

z is the change in sag of the reflective surface 9 at the location x, y, with Zi
being the i-th Fringe-Zernike polynomial. According to a calculation rule
shown in Fig. 10, the Fringe-Zemike polynomials Zi are identifiable using
the polynomials U,™ and U,™ defined in Born and Wolf, Principles of op-
tics, Pergamon Press (1991), chapter 9.2.1. ci is the expansion coefficient.
h, is a standard radius. Said standard radius will hereinafter also be referred

to as norm height and is indicated in millimeters, just like z(x, y).

The following table shows the coefficients ci of the Fringe-Zernike poly-

nomials for the first 81 terms which are used.

Norm height = 321.626000000

Factors of the Fringe-Zernike polynomials :

o

cl = ~-0.36282323E+02 c2 = 0.52718489E-03 c3 = -0.60799468E-02
c4 = -0.37405030E+02 c5 = 0.24561432E+01 co = -0.70658271E-04
c7 = ~0.59322581E-04 c8 = 0.64653861E-01 c9 = -0.30653572E+00
cl0 = -0.22168952E-04 cll = 0.24047111E+00 cl2 = 0.15096336E-01
cl3 = 0.55627835E-04 ci4 = 0.13773336E-04 cl5 = 0.28816122E-02
cl6 = 0.15954013E-01 cl7 = -0.38551372E+00 cl8 = 0.89462434E-05
cl9 = 0.15481795E-04 c20 = -0.41014414E-01 c21 = -0.86133808E-02
c22 = -0.29464885E-04 c23 = -0.12191269E-04 c24 = -0.54210939E-02
c25 = 0.14554570E-01 c26 = 0.21155484E-04 c27 = -0.10519986E+00
c28 = -0.55467558E-02 c29 = -0.21573681E-04 c30 = -0.41773659E-04
c31 = -0.14890301E-01 c32 = -0.49759139E-02 c33 = 0.19583693E-04
c34 = 0.12618462E-04 c35 = -0.62806532E-02 c36 = 0.91426547E-02
¢37 = 0.38513612E-01 c38 = -0.69523336E-04 c39 = -0.31378782E-04
c40 = 0.31057266E-01 c4l = -0.13750521E-01 c42 = 0.41018648E-04
c43 = 0.38152655E-04 c44 = -0.63965189E-02 c45 = -0.10837851E-04
c46 = -0.86848020E-05 c47 = -0.60701056E-05 c48 = -0.38040827E-02
c49 = 0.44370980E-02 c50 = 0.26018572E-04 c51 = 0.46705923E-01
c52 = -0.16918508E-01 c53 = 0.48502320E-04 c54 = 0.41991300E-04
c55 = (0.88894335E-02 c56 = -0.10982292E-01 c57 = -0.40892313E-04
c58 = -0.17046214E-04 c53 = -0.64149589E-04 c60 = 0.12709571E-02
c6l = -0.17409344E-05 c62 = -0.13007798E-05 c63 = -0.32684958E-04
c64 = 0.17018354E-02 c65 = 0.13159945E-02 c66 = 0.27128648E-04

c67 0.17654505E-04 c68 -0.10203257E-01 c69 -0.24993567E-02
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0.14026511E-02
.49056809E-05
0.64162272E-05
0.16566163E-03

-0.34044751E-04 c72
0.23205449E-04 c75
0.10284166E-02 c78
0.23257738E-02 c8l

-0.42162504E~04 c71
-0.64713310E-02 c74
0.2241345%E~02 c77
-0.42831912E~05 c80

c70
c73
c76
c79

wonofou
[ T |
wogonon
[}
[=]

More than 88% of the entire circular total reflector surface of the EUV col-

lector 10 are covered with smoothed active facets 17.

The ratio of the surface area, which is defined by the edge boundary of the
illumination distribution 29, to the surface area of a circular illumination
distribution which contains the illumination distribution 29, amounts to

approximately 45%.

Fig. 12 shows another embodiment of an EUV illumination system in an
illustration similar to Fig. 3. Components which are equal to those de-
scribed above with reference to Figs. 1 to 11 are denoted by the same refer-

ence numerals and are not described in detail again.

Apart from the shaping of the reflective surface 9 of the EUV collector 10,
the illumination system according to Fig. 12 corresponds to the illumina-
tion system according to Fig. 76 in US 7,186,983 B2. The EUV radiation
bundle 8 collected by the EUV collector 10 hits at first a field facet mirror
30. An example of a facet arrangement of the field facet mirror 30 is shown
in Fig. 13 which corresponds to Fig. 73 of US 7,186,983 B2. The field fac-
ets of the field facet mirror 30 are imaged into the illumination field 4 in
the object plane 3 by means of a pupil facet mirror 31 and a downstream

imaging optics which comprises three EUV mirrors 32,33, 34.

In the embodiment according to claim 12, the bundle forming plane 11 in
which the radiation source images 19 are generated by the EUV collector

10 is located in a field plane. The EUV collector 10 according to Fig. 12
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has a reflective surface 9 which is divided and formed into active facets 17
such that at the location of the field facet mirror 30, there is an illumination
distribution 35 whose edge boundary coincides with the stepped outer con-

tour of the actively reflective facet coverage of the field facet mirror 30.

Fig. 14 shows another embodiment of the facet coverage of an EUV collec-
tor 10. Components which correspond to those described above with refer-
ence to Figs. [ to 13 are denoted by the same reference numerals and are
not described in detail again. Likewise, this example was calculated using
an algorithm based on the scientific article Kochengin and Oliker, Inverse

Problems 13 (1997), p. 363 to 367.

Covering the reflective surface 9 of the collector 10 according to Fig. 14
with active facets 17 allows an illumination distribution 36 to be generated,
whose smoothed-out, continuous shape is shown in Fig. 16. The illumina-
tion distribution 36 has the shape of a square frame which is delimited by
an inner square envelope 37 and an outer square envelope 38. Inside the
inner envelope 37 and outside the outer envelope 38, there is (if any) only a
very low illumination intensity. Between the envelopes 37, 38, the illumi-
nation intensity increases at first continuously from the inner envelope 37
until approximately the center between the envelopes 37, 38 where the in-
tensity continuously decreases again towards the outer envelope 38. An
intensity scale on the right of Fig. 16 illustrates the assignment of the inten-
sities to the different hatch patterns of Fig. 16. A square frame illumination
of this type is desired for EUV illumination systems in which central re-
gions of the field facet mirror 30 cannot be transmitted to the illumination

fietd in the object plane 3.
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Corresponding to Fig. 9, Fig. 15 shows a discrete illumination distribution
39 before smoothing of the reflective surface 9 of the collector 10 accord-
ing to Fig. 14, in other words as long as discrete reflective areas of the ac-
tive facets 17 are still present in the shape of spheroids. The illumination
distribution 39 has a square edge contour 39a which is, in other words,
again mirror-symmetric relative to two perpendicular axes spanning the
edge contour 39a. These two axes may for instance be the two diagonals of
the square edge contour 39a or the two perpendicular bisectors of the bun-

dle edge contour 39a.

In a pillow-shaped central portion 40 of the reflective surface 9 of the col-
lector 10 according to Fig. 14, there are non-active facets 24 which again
have a much smaller surface area than the active facets 17. A likewise
square inner region of the illumination distribution 39 is impinged by the
non-active facets 24, with the result that the illumination intensity in this
region s negligible compared to the intensity in other regions. In the cor-
ners of the square edge contour, there is an illumination intensity which is
slightly higher than the illumination intensity in other regions. An intensity
next to the inner square region of the edge contour 39 is slightly lower than
the illumination intensity in other regions. This is indicated in Fig. 15 by

corresponding hatch patterns.

Each active facet 17 is assigned a radiation source image 19, wherein the
raster position of the radiation source image 19, in other words the row and
column in which it is disposed, corresponds in each case to the position of

the active facet 1 7.

The hight losses due to the non-active facets 24 amount to approximately

5% in the embodiment according to Fig. 14. The total surface area of all
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non-active facets 24 taken together thus amounts to approximately 1/20 of
the surface area of the active facets 17 in the embodiment according to Fig.

14.

Likewise, other embodiments of the shape of the reflective surface 9 are
conceivable by means of which it is possible to generate a shape in the
bundle forming plane 11 which is adapted to the rest of the EUV illumina-
tion system 1 and deviates from the rotational symmetry. All these reflec-
tive surfaces of the various embodiments of the EUV collector 10 have in
common that there is at least one section through the reflective surface 9
which includes an incident ray and a reflected ray of one and the same
EUV emission ray (cf. rays 8a and 8 in Fig. 1) which is not parameterizable

by means of a conic section.

The EUV collector 10 generally has a freeform surface as reflective surface
9. The sag of such a freeform surface is parameterizable, as it is known to
those skilled in the art with respect to the parameterization of the reflective
freeform surfaces of mirrors in an EUV projection objective. Likewise,
spline functions such as NURBS (Non Uniform Rational Bezier Splines)

are applicable for parameterization of such freeform surfaces as well.

Segments of the reflective surface 9 can also be actively deformable or
tiltable. The shape of these segments need not correspond to that of the
facets. Thus, a deformable or tiltable segment may for instance comprise a

plurality of facets.

The design of the reflective surface 9 of the EUV collector is performed as
foltows: In a first step, the illumination distribution 12 is defined numeri-

cally or analytically in the bundle forming plane | . The bundle forming



WO 2009/036957 PCT/EP2008/007756

10

}5

20

-2

plane 11 in which the illumination distribution 12 is defined need not nec-
essarily be a straight plane but can also be a curved plane. Furthermore, the
radiation pattern of the radiation source 2 and the space region to be col-
lected, i.e. for instance the angle of aperture a, are defined as well. It is
conceivable to collect a solid angle region Q having an edge boundary with
any desired shape which need not have any symmetry whatsoever and may
also mclude obscurations. The emission 8a of the radiation source 2 need
not necessarily be collected directly. The image of the radiation source 2
can be collected as well, in other words a secondary radiation source can be
collected. Afterwards, a distance to be maintained between the collector 10
and the radiation source 2 is defined, and the collector 10 is inserted in the
illumination system, strictly speaking in the beam path between the radia-
tion source 2 and the bundle forming plane 11, wherein the numerical
parameterization of the surface of said collector 10 is not complete yet at
this point. The reflective surface 9 is now parameterized by a set of func-
tions which is suitable for describing freeform surfaces. Afterwards, a qual-
ity function is generated which is substantially based on the aberrations of
an actual illumination profile generated by the inserted reflective surface 9
from a desired illumination profile, in other words the illumination distri-
bution 12. The coefficients of the parameterization of the reflective surface
are now varied by means of conventional methods of local or global opti-
mization in order to maximize the quality function. In this process, process-
related marginal conditions such as maximum and minimum angles of in-
cidence or the installation size are taken into account as well. A reflectivity
of the mirror layer. which varies locally on the collector 10, can be given
within the limits of a desired illumination profile in an iterative manner so
as to achieve a compensation of the varying collector reflectivity by corre-
spondingly varying the illumination of the collector 10 by means of the

source-side radiation bundle 8a.
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Fig. 1 shows a convergent illumination of the specular reflector at the loca-
tion of the bundie forming plane 11. The individual facets 17 generate im-
ages of the radiation source images 19 in the same direction when seen
from the edge of the collector 10, for example. Partial bundles of the radia-
tion bundle 8 which are observed at the edge of the collector 10 in a rota-
tional direction about the optical axis 13 generate the radiation source im-

ages 19 m the same rotational direction.

Fig. 17 shows ~ in an illustration similar to Fig. 1 — a divergent illumina-
tion of the specular reflector in the bundle forming plane 11, with a caustic
plane 45 being located between the collector 10 and the bundie forming
plane 1. In contrast to the convergent illumination according to Fig. 1 in
which the radiation source images 19 are generated in the same direction,
the divergent illumination according to Fig. 17 generates radiation source
tmages 19 in the opposite direction. Partial bundles of the radiation bundle
8 which are observed at the edge of the collector in a rotational direction
about the optical axis 13 generate the radiation source images 19 in the op-
posite rotational direction. A collector edge contour 10a, 11a of the collec-
tor 10 as well as a bundle edge contour of the EUV radiation bundle in the
bundle forming plane 11 correspond to the edge contours described above

in relation to Figs. 1 to 3.
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Claims

Bundle-guiding optical collector (10) for collecting an emission (8a) of
a radiation source (2) and for forming a transformed radiation bundle
(8) from a collected source-side radiation bundle (8a), the bundle-
guiding optical collector (10) comprising
- areflective surface (9) which is the first bundle-forming surface
downstream of the radiation source (2),
characterized in that the reflective surface (9) is formed such that it
converts the radiation source (2) into a family of images in a down-
stream plane (11), the family of images consisting of a plurality of ra-
diation source images (19) which are offset to each other in two dimen-
sions (X, y) in a direction perpendicular to the beam direction (13) of
the transformed radiation bundle (8) and are arranged relative to each
other in a non-rotationally symmetric manner with respect to the beam
direction (13) of the transformed radiation bundle (8), with the result
that the transformed radiation bundle (8) in the downstream plane (11)
has a non-rotationally symmetric bundle edge contour (11a) relative to

the beam direction (13) of the transformed radiation bundle (8§).

Bundle-guiding optical collector (10) for collecting an emission (8a) of

a radiation source (2) and for forming a transformed radiation bundle

(8) from a collected source-side radiation bundle (8a), the bundle-

guiding optical collector (10) comprising

- areflective surface (9) which is the first bundle-forming surface
downstream of the radiation source (2),

characterized in that
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- acollector edge contour (10a) of the reflective surface (9) has a
shape which is mirror-symmetric in relation to two perpendicular
axes (X, y) spanning the edge contour (10a),

- the reflective surface (9) of the collector (10) is formed such that a
bundle edge contour (11a) of the transformed radiation bundle (8)
in a downstream plane (11) has a shape which is mirror-symmetric
in relation to a maximum of one axis (y) which is perpendicular to
a main beam direction (13) of the transformed radiation bundle (8)

in the vicinity of the plane (11).

Collector according to one of claims | or 2, characterized in that the
reflective surface (9) is formed such that the bundie edge contour (11a)
has an arrangement which is adapted to the shape of a field (4) to be il-

luminated.

Collector according to one of claims 1 to 3, characterized in that the
reflective surface (9) is formed such that the bundle edge contour (11a)
has an arrangement which is adapted to the shape (35; 36) of a field

facet mirror (30) to be illuminated.

Collector according to one of claims | to 4, characterized in that the
reflective surface (9) is divided into a plurality of reflective facets (17),
in particular into more than 10 facets, which complement each other to

form a total reflector surface.

Collector according to claim 5, characterized in that the facets (17)

cover the reflective surface (9} in the manner of a parquet.
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Collector according to claim 5 or 6, characterized in that at least two

of the facets (17) cover different surface areas.

Collector according to one of claims 5 to 7, characterized in that the

facets (17) include such facets having differently shaped edge contours.

Collector according to one of claims 5 to 8, characterized in that the
facets (17) are arranged in rows and/or columns, wherein the height of
the rows and/or the width of the columns varies along the course from

one side of the reflective surface (9) to the other.

Collector according to one of claims 5 to 9, characterized in that at

least some individual facets (17) have aspheric reflector surfaces.

Collector according to claim 10, characterized in that at least some

individual facets (17) have ellipsoidal reflector surfaces.

Collector according to one of claims 5 to 11, characterized in that the
reflective surface (9) between the facets (17) is smoothed out, with the
result that it is continuously differentiable at any point within the

boundary of the reflective surface (9).

Collector according to one of claims 5 to 12, characterized in that the
reflective surface (9) between the facets (17) is smoothed out such that
a continuous illumination distribution is obtained within the bundle

edge contour (11a).

. Collector according to one of claims | to 13, characterized in that

there are random, perpendicular sections through the reflective surface
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(9) which include an incident portion and a reflected portion of one and
the same ray, wherein a maximum of one of the two sections through
the reflective surface (9) is parameterizable by means of a conic sec-

tion.

Collector according to one of claims 1 to 14, characterized in that the

reflective surface (9) is a freeform surface.

Collector according to one of claims 1 to 15, characterized in that
segments of the reflective surface (9) and/or the facets (17) are actively

deformable or tiltable.

Collector according to one of claims 5 to 16, characterized in that a
tilting angle of the facets (17) is adapted such that imaging errors

caused by downstream components are compensated.

EUV illumination system (1) comprising
- aradiation source (2),

- acollector according to one of claims 1 to 17.

EUV projection exposure apparatus comprising

- an EUV illumination system according to claim 18,

- aprojection objective for imaging an object field (3) illuminated
by the EUV illumination system (1) into an image field in an im-

age plane (6).

Projection exposure apparatus according to claim 9. characterized by
a bundle forming element (14) downstream of the collector (10), the

bundle forming element (14) being arranged in the downstream plane
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(11) which coincides neither with a field plane nor with a pupil plane

of the projection objective nor with a plane conjugated thereto.

21. Method of producing a microstructured component according to the
following steps:
- providing a projection exposure apparatus (7) according to claim
19 or 20,
- providing a reticle,
- projecting a surface of the reticle arranged in the illumination field

(14) on a light-sensitive layer of a wafer.

22. Microstructured component, produced in accordance with a method

according to claim 21.
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