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(57) Abstract: An imaging optics (16) for lithographic projection exposure for guiding a bundle of imaging light (3) with a wave-
length shorter than 193 nm by means of a plurality of mirrors (M1 to M6) for beam-splitter-free imaging of a reflective object (12)
in an object field (4) in an object plane (5) into an image field (17) in an image plane (18), an object field point having a central
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tics which allows for high-quality imaging of a reflective object.
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Imaging optics

The contents of US provisional application US 61/286,066 is incorporated

by reference.

The invention relates to an imaging optics for lithographic projection expo-
sure. The invention further relates to an illumination optics for lithographic
projection exposure, an illumination system comprising an imaging optics
of this type and an illumination optics of this type, a projection exposure
apparatus comprising an illumination system of this type, a method for the
fabrication of a microstructured or nanostructured component by means of
a projection exposure apparatus of this type, and a microstructured or
nanostructured component fabricated according to a method of this type.
An 1maging optics of this type may also be used for inspection of reflective
lithographic masks and exposed wafers, and may, in the form of an inspec-

tion objective, in particular be part of a semiconductor inspection device.

An 1maging optics of the type named at the outset is known from US

2009/0073392 A1, from US 2008/0170310 A1, and from US 6,894,834 B2.

It is an object of the present invention to develop an imaging optics of the
type named at the outset in such a way as to allow a reflective object to be

imaged at high image quality.

This object is achieved according to the invention by an imaging optics

having the features set out in claim 1.

It has been found according to the invention that a chief ray angle of an

object field point smaller than 3° causes shading effects on the reflective
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object to be reduced or avoided completely. The chief ray of an object field
point is defined as the connection line between the respective object field
point and a center of a pupil of the imaging optics even if, for instance as a
result of a pupil obscuration, no actual imaging ray is able to pass through
the imaging optics along the chief ray. The chief ray angle of the object
field points disposed at least among half the extension of the entire object
field may be smaller than 3°. The chief ray angle of all object field points
may be smaller than 3° as well. The inventive chief ray angle may be
smaller than 2°, may be smaller than 1°, and may in particular amount to
0°. Undesirable shading problems, which may occur in conventional sys-
tems with chief ray angles of 6° or 8°, are thus avoided. The result is an
imaging optics which allows the reflective object to be imaged at an advan-
tageously low CD (critical dimension) variation. The maximum angles of
reflection of the imaging rays on the object side in high-aperture imaging
optical systems with the inventive chief ray angle are as small as possible,
with the result that shading problems are minimized. The inventive imag-
ing optics is designed for beam-splitter-free imaging. In the imaging beam
path, there is thus no beam splitter as used in particular prior art illumina-
tion systems, for instance in an illumination according to Figure 6 of US
6,894,834 B2, for coupling in illumination light and for imaging light to
pass through. An inventive near-field mirror M is provided if the following

condition is fulfilled:

P(M) = D(SA)/(D(SA)+D(CR)) < 0.9.

In this equation, D(SA) is the sub-aperture diameter of a ray bundle emitted
by an object field point at the site of the mirror M while D(CR) is the
maximum distance of chief rays of an effective object field imaged by the

imaging optics, measured in a reference plane of the optical system, on the
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surface of the mirror M. The reference plane may be a symmetry plane or a
meridional plane of the imaging optics. The definition of the parameter

P(M) corresponds to the one stated in WO 2009/024 164 Al.

In a field plane, P(M) amounts to 0. In a pupil plane, P(M) amounts to 1.

In the embodiments of US 6 894 834 B2, P(M) is greater than 0.9 for all

MIrrors.

At least one of the mirrors of the imaging optics may have a value of P(M)
amounting to no more than 0.8, to no more than 0.7, to no more than 0.65,
or even to no more than 0.61. Several of the mirrors may also have values

of P(M) which are smaller than 0.9, which are smaller than 0.8, or which

are even smaller than 0.7.

A near-field mirror of this type may be used for correcting an imaging er-
ror. In particular in extended fields, a near-field mirror allows imaging er-
rors to be corrected across the entire extended field. In particular a telecen-
tricity correction may be performed via the near-field mirror. An imaging
scale of the imaging optics, in particular a reduction scale of an imaging
from the object field to the image field may be 2x, 3x or even 4x. The im-
aging scale may be absolutely smaller than 8x. At a defined numerical ap-
erture near the image field, a sufficiently small imaging scale results in a
correspondingly large numerical aperture near the object field and in a cor-
respondingly smaller object field at a defined image field size. This may be
used for reducing an obscuration, and in particular for reducing the width

of through-openings in mirrors of the imaging optics.
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The imaging optics may have a reduction which is absolutely smaller than
8x, which is smaller than 6x, which is smaller than 5x, which is smaller
than 4x, which is smaller than 3x, and which may amount to 2x. An abso-
lutely small imaging scale facilitates the guidance of bundles in the imag-
ing optics. The size of the image field of the imaging optics may be greater
than 1 mm?, and may in particular be greater than 1mm x 5 mm, may be
greater than 5 mm x 5 mm, and may in particular amount to 10 mm x 10
mm or 20 mm x 20 mm. This ensures a high throughput if the imaging op-
tics is used for lithographic purposes. If the imaging optics is used for in-
spection of a lithographic mask or an exposed wafer, the above discussed
“image field” is used as a field to be inspected on the mask or on the wafer,
respectively. In this additional field of application, where the imaging op-
tics 1s used for inspection purposes, the above discussed image field is

therefore rather an inspection object field.

The object named at the outset is also achieved by an imaging optics hav-
ing the features set out in claim 2. The first mirror of this imaging optics
may be part of a first obscured mirror group; the through-opening of said
first mirror may be used for coupling in illumination light. Likewise, a last
mirror in the imaging beam path between the object field and the image
field may have a through-opening for imaging light to pass through. The
last mirror in the imaging beam path may then be part of another obscured
mirror group, which may result in a large numerical aperture on the image
side of the imaging optics. The mirror of the imaging optics having a con-
tinuous or closed reflection surface, in other words where no through-
opening is provided, allows telecentricity errors of the imaging optics to be
corrected. At least one mirror of this type being provided with a continuous
reflection surface may be arranged near-field and in particular in the region

of an intermediate image plane of the imaging optics. The imaging optics
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may be provided with a first obscured mirror group and with a second non-
obscured mirror group which images the imaging light into the image field
without any other obscured mirror groups disposed in-between. The at least
one mirror which is provided with a closed reflection surface for reflection
of the imaging light may have a parameter P(M) as defined above which
may amount to no more than 0.9, to no more than 0.8, to no more than 0.7,
to no more than 0.65, and which may even amount to only 0.61. The ad-
vantages of a near-field mirror of this type correspond to those explained

above.

The object named at the outset is further achieved by an imaging optics

having the features set out in claim 3.

Using only imaging light of the +/- first order of diffraction and/or a higher
order of diffraction allows the area where the zero order of diffraction is
generated to be used for coupling in illumination light. Using the at least
+/- first order of diffraction and, if necessary, even higher orders of diffrac-
tion results in an image with a good contrast ratio as the zero order of dif-
fraction is not used. This applies in particular if only the +/- first order of

diffraction is used for imaging.

In particular when installed in a pupil-obscured optical system, the inven-
tive imaging optical systems may in particular have a through-opening or a
through-bore. In the pupil plane of an imaging optics comprising mirrors of
this type, there is an inner area of a bundle of imaging light which is not
used for imaging. In this area, there may be arranged a coupling mirror of

the illumination optics.
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The inventive imaging optics may comprise combinations of features of the
imaging optical systems discussed above. In an imaging optics of this type,
which cooperates with an illumination optics where the illumination light is
guided to the reflective object via a small illumination numerical aperture
at small angles of incidence, the resolution limit is reached without requir-
ing a multipole arranged and/or an illumination using angles of incidence
which are inclined to the greatest possible extent, in particular without re-
quiring a dipole or quadupole illumination. Furthermore, it is not required
to switch between different multipole illumination arrangements for differ-
ent arrangements of structures on the reflective object to be imaged. The
reflective object may be exposed to static illumination and may be illumi-
nated using at least one stop and/or may be illuminated using a zoom ob-
jective. The illumination optics may be designed without particular pupil
forming components. The illumination optics may in particular be designed

without faceted mirrors.

A mirror design according to claim 4 facilitates coupling-in of illumination
light which impinges upon the reflective object energy weighted at very

low angles of incidence.

Another object of the invention is to provide an illumination optics for
lithographic projection exposure which ensures an illumination of a reflec-

tive object in order to obtain high-quality images.

This object is achieved according to the invention by an illumination optics

having the features set out in claim 5.

An inventive energy weighted or central ray direction of incidence may be

centered around an angle of incidence of 0° for at least one point of the
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object field. At this point, the illumination light impinges upon the reflec-
tive object at low angles of incidence so that shading problems occurring
during imaging are avoided. The advantages obtained correspond to those
explained above with reference to the inventive imaging optical systems.
The angle between the energy weighted ray direction of incidence and the
normal to the object plane may be smaller than 2°, smaller than 1°, and
may amount to exactly 0°. Other energy weighted rays of the illumination
light bundle may have larger angles of incidence. A guidance of bundles of
the illumination light may start from a direction which is at first approxi-
mately parallel to the guidance of imaging light downstream of the object
field or which is approximately perpendicular to the guidance of imaging
light downstream of the object field, which is referred to as “vertical en-
trance” and “horizontal entrance” of the illumination light if the imaging
light is guided vertically. Instead of using the illumination optics for litho-
graphic projection exposure, the inventive illumination optics may also be
employed in an inspection system for examining an object for defects. In-
spection systems of this type are in particular used for reticle and/or wafer

inspection.

A maximum angle of incidence according to claim 6 significantly reduces
shadings of structures on the reflective object. Moreover, if a reflective
coating is provided on the reflective object, this ensures an advantageously
high reflectivity of the reflective object, and therefore a high throughput of
illumination light or imaging light. The maximum angle of incidence may
be smaller than 8°, may be smaller than 6°, and may also be smaller than

5°.

A design of an illumination optics mirror according to claim 7 allows the

imaging light emitted by the object field and reflected by the object to be
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guided through the through-opening of the last mirror of the illumination
light, in other words the coupling mirror. An illumination of this type is
also referred to as dark field illumination. In this case, the object may only
be exposed to light outside an imaging aperture. In particular when imag-
ing object edges, a dark field illumination has advantages over another,
conventional illumination. Moreover, the above described advantages of a
small angle between the central ray of incidence of the illumination light
and the normal to the object field can be combined with those of a conven-
tional and non-obscured imaging optics. A dark field illumination may of-
fer advantages in particular when the illumination optics is employed in an
inspection system as this type of illumination allows impurities, scratches

or dust in the object field to be imaged at very high contrast.

The advantages of an illumination system according to claim 8 correspond
to those explained above with reference to the inventive imaging optics and

with reference to the inventive illumination optics.

In an illumination optics according to claim 9, the through-opening through
which the illumination light is coupled in may at the same time define a

pupil obscuration of the imaging optics.

The advantages of the alternative arrangement according to claim 10 corre-
spond to those explained above with reference to the illumination optics

according to claim 7.

The advantages of a projection exposure apparatus according to claim 11,
of a fabrication method according to claim 12, and of a structured compo-
nent according to claim 13 correspond to those explained above with refer-

ence to the inventive illumination system. The light source may be an EUV
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(extreme ultraviolet) light source such as an LPP (laser produced plasma)

light source or a GDP (gas discharge produced plasma) light source. The

inventive imaging optics may not only be employed in a projection expo-

sure apparatus but also in an inspection device in particular for inspection

of reflective lithographic masks or for inspection of exposed wafer sub-

strates. The above-discussed image field of the imaging optics is then an

inspection object field of the inspection device.

Embodiments of the invention will hereinafter be explained in more detail

by means of the drawing in which

Fig. 1

Fig. 2

Fig. 3

Figs. 4 and 5

is a schematic view of a projection exposure apparatus for
EUV lithography, with an imaging optics of the projection

exposure apparatus being shown in a meridional section;

1s another schematic view, which, compared to Fig. 1, is
not to scale, of an enlarged section of a beam path of illu-
mination light and imaging light of the projection exposure
apparatus according to Fig. 1 in the region of a reflective
object in the shape of a reticle to be imaged by projection

exposure (“vertical entrance);

1s a view similar to Fig. 2 of an alternative guidance of the
illumination light through optical components of a varia-
tion of an illumination optics of the projection exposure

apparatus (“horizontal entrance”);

are variations of an imaging optics for use in a projection

exposure apparatus according to Fig. 1;
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Fig. 6 is a highly schematic view of the beam path in a projection
exposure apparatus in the manner of Fig. 1 in the region of
the object and in the region of an image at the site of a wa-

fer; and

Fig. 7 1s a view similar to Fig. 6 of the beam path relations at an
alternative illumination of the object and an alternative im-

age thereof adapted thereto.

A projection exposure apparatus 1 for lithographic projection exposure for
the fabrication of a microstructured or nanostructured component has a
light source 2 for illumination light or imaging light 3. The light source 2 is
an EUV light source which generates light in a wavelength range of for
example between 5 nm and 30 nm, in particular between 5 nm and 10 nm.
The light source 2 may in particular be a light source with a wavelength of
6.9 nm or 13.5 nm. Other EUV wavelengths are conceivable as well. Other
wavelengths which are used in lithography and for which the suitable light
sources are available are conceivable for the illumination light or imaging
light 3 guided in the projection exposure apparatus 1. A beam path of the

illumination light 3 is shown in an extremely schematic view in Fig. 1.

An illumination optics 7 is used for guiding the illumination light 3 from
the light source 2 to an object field 4 in an object plane 5. The illumination
light 3 emitted by the light source or radiation source 2 is at first collected
by a collector 6. An intermediate focus 8 is typically arranged in the illu-
mination beam path downstream of the collector 6. The illumination beam
path may also be designed without the intermediate focus 8 in such a way

that the illumination light 3 leaves the collector in a collimated form. A
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spectral filtering of the illumination light 3 may occur in the region of the
collector 6 or the intermediate focus 8. A first mirror 9 of the illumination
optics 7 is arranged in the illumination beam path downstream of the in-
termediate focus 8. Said first illumination optics mirror 9 may be a field
facet mirror. A second mirror 10 of the illumination optics 7 is arranged in
the illumination beam path downstream of the first illumination optics mir-

ror 9. The second illumination optics mirror may be a pupil facet mirror.

Alternatively, it is conceivable to use an illumination optics without faceted
mirror. An illumination optics of this type may have an illumination beam
path which corresponds to that of the illumination optics 7 according to

Fig. 1.

A coupling mirror 11 of the illumination optics 7 is arranged in the illumi-
nation beam path downstream of the second illumination optics mirror 10.
The coupling mirror 11 may be supported by a support which corresponds

to a support known from Figs. 1k, 11 and Im of WO 2006/069725 A.

The coupling mirror 11 guides the illumination light 3 to the object field 4
where a reflective object 12 in the form of a reticle or a lithographic mask

is arranged.

The partial illumination beam path between the collector 6 and the first
illumination optics mirror 9 intersects with the partial illumination beam
path between the second illumination optics mirror 10 and the coupling

mirror 11.

An energy weighted or central ray direction of incidence 13 of a bundle of

illumination light 3 impinging upon the reticle 12 coincides exactly with a
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normal 14 to the object plane 5. The energy weighted ray direction of inci-
dence 13 thus makes an angle with the normal 14 which is smaller than 3°
and amounts to exactly 0° in the embodiment according to Fig. 1. Other
angles between the energy weighted ray direction of incidence 13 and the
normal 14 are conceivable if the design of the illumination optics 7 is
slightly modified, for instance angles between the energy weighted ray di-
rection of incidence 13 and the normal 14 amounting to 2.5°, to 2°, 1.5°, 1°
or 0.5°. Edge rays 15 (cf. Fig. 2) of the bundle of illumination light 3 im-
pinging upon the reticle 12 make an angle with the normal 14 which is
smaller than 3°. The bundle of illumination light 3 impinging upon the reti-
cle 12 therefore has a maximum angle of incidence on the object field 4

which is smaller than 3°.

An imaging optics 16 in the form of a projection optics for guiding the im-
aging light 3 and for imaging the reticle 12 into an image field 17 in an im-
age plane 18 is arranged in the beam path of the projection exposure appa-
ratus 1 downstream of the object field 4. In the imaging optics 16, the im-
age plane 18 makes an angle with the object plane 5 of approximately 15°.
This angle facilitates a design of the imaging optics 16 in terms of a correc-
tion of imaging errors, in particular in terms of a correction of telecentricity

and aberration across the entire image field 17.

Imaging by means of the imaging optics 16 occurs on the surface of a sub-
strate in the form of a wafer 19. The reticle 12 and the wafer 19 are sup-
ported by supports (not shown). The projection exposure apparatus 1 is a
scanner. Both the reticle 12 and the wafer 19 are scanned in the object
plane 5 on the one hand and in the image plane 18 on the other when the
projection exposure apparatus 1 is in use. Using a projection exposure ap-

paratus 1 in the form of a stepper where the reticle 12 on the one hand and
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the wafer 19 on the other hand are displaced in steps between individual

illuminations of the watfer 19 is conceivable as well.

Fig. 1 shows the optical design of a first embodiment of the imaging optics
16. The Figure shows the beam path of a total of ten individual rays 20 of
the imaging light 3 emitted by a central field point.

The imaging optics 16 according to Fig. 1 has a total of six mirrors which
are numbered from M1 to M6 in the order of the beam path of the individ-
ual rays 20 starting from the object field 4. Fig. 1 shows the reflection sur-
faces of the mirrors M1 to M6 calculated when designing the imaging op-
tics. However, only a section of these surfaces, in particular of the mirrors

M3, M4, is actually being used, as shown in Fig. 1.

The mirror M1 is concave. The mirror M2 is convex. The mirror M3 is
concave. The mirror M4 is convex. The mirror M5 is convex. The mirror

M6 is concave.

Each of the mirrors M1 and M2 has a through-opening 21, 22 for imaging
light 3 to pass through. The mirrors M1 and M2 are therefore obscured
mirrors. Due to this obscuration, the bundle of imaging light 3 has an inner
area in near-pupil regions of the imaging optics 16 where there are no indi-
vidual rays 20. A free inner area 23 of this type, through which the normal
14 and the central ray of incidence 13 pass, is disposed between the mirrors
M1 and M2. In this free area 23 is arranged the coupling mirror 11. The
coupling mirror 11 couples the illumination light 3 into the system via the

through-opening 23 in the mirror M2 of the imaging optics 16.
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A chief ray of a central object field point, which is not part of the beam
path because of the obscuration, has a chief ray angle a of 0° in the imag-
ing optics 16. This means that this chief ray of the central object field point
coincides with the normal 14 to the object plane 5. The definition of the
chief ray angle o 1s made clear by an insert in Fig. 1 which is a schematic
view of the relations when a chief ray with the reference numeral 20b im-
pinges upon the reflective reticle 12 in the object field 4. The chief ray an-
gle a is the angle between the normal 14 and the chief ray 20b reflected by
the object field 4.

The two mirrors M3 and M4 arranged in the imaging beam path down-
stream of the mirror M2 have continuous or closed reflection surfaces for
the reflection of the imaging light 3, in other words they have no through-
opening. In the region of the imaging beam path near the mirrors M3 and
M4 is disposed an intermediate image 24 of the imaging optics 16. The
mirrors M3 and M4 are therefore near-field mirrors which are suitable for

telecentricity correction of the imaging optics 16.

The mirrors M5 and M6 arranged in the imaging beam path of the imaging
optics 16 downstream of the mirror M4 are again provided with through-

openings 25, 26.

The mirrors M5 and M6 are therefore obscured mirrors again. Between the
mirrors M5 and M6, there is again a free region 27 in the bundle of illumi-

nation light 3, the free region 27 being an image of the free region 23.

The mirrors M1 and M2 form a first obscured mirror group of the imaging

optics 16. The mirrors M3 and M4 form a non-obscured mirror group of
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the imaging optics 16. The mirrors M5 and M6 form a second obscured

mirror group of the imaging optics 16.

Fig. 2 is an enlarged sectional view of the beam path relations of the illu-
mination and imaging light 3 before and after being reflected at the reticle
12. The first mirror 9 of the illumination optics 7 is arranged relative to the
intermediate focus 8§ in such a way that the beam path of the illumination
light 3 between the intermediate focus 8 and the first illumination optics
mirror 9 is substantially parallel to the beam path of the illumination light 3
downstream of the object field 4. The guidance of bundles of the illumina-
tion light therefore starts from a direction which is at first approximately
parallel to the guidance of the illumination light 3 downstream of the object
field 4. Between the intermediate focus 8 and the first illumination optics
mirror 9 of the illumination optics 7, a partial illumination beam therefore
extends towards the object plane 5 at a small angle to the normal 14. If the
normal 14 extends vertically, this is referred to as vertical entrance of the

illumination optics 7.

Fig. 3 shows a variation of an arrangement of mirrors guiding the illumina-
tion light 3, in other words another embodiment of an illumination optics

28. Components which correspond to those explained above with reference
to Figures 1 and 2 have the same reference numerals and are not discussed

again.

In the embodiment according to Fig. 3, a first mirror 29 of the illumination
optics 28 is arranged relative to the intermediate focus 8 in such a way that
the beam path of the illumination light 3 between the intermediate focus 8
and the illumination optics mirror 29 is perpendicular to the bundle guid-

ance of the imaging light 3 downstream of the object field 4. A partial im-
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aging beam between the intermediate focus 8§ and the first illumination op-
tics mirror 29 therefore crosses the bundle of imaging light 3. The guidance
of bundles of illumination light 3 starts from a direction which is at first
approximately perpendicular to the guidance of the imaging light down-
stream of the object field 4. In the illumination optics 28, a partial illumina-
tion beam between the intermediate focus 8 and the first illumination optics
mirror 29 extends toward the object plane 5 at approximately right angles
to the normal 14. If the normal 14 is vertical, this is referred to as horizon-

tal entrance of the illumination optics 28.

In relation to the bundle of illumination light 3, a second mirror 30 of the
illumination optics 28 is arranged on the same side as the intermediate fo-
cus. A partial illumination beam between the first illumination optics mir-
ror 29 and the second illumination optics mirror 30 therefore crosses the
bundle of imaging light 3 again between the mirrors M1 and M2. The cou-
pling mirror 11 is again arranged in the beam path downstream of the sec-

ond illumination optics mirror 30.

Arranging the illumination optics mirrors 29, 30 according to Figure 3 re-
sults in small angles of incidence of the illumination light 3 on said illumi-
nation optics mirrors 29, 30, which provides for a high reflectivity of the
illumination optics mirrors 29, 30. The first illumination optics mirror 29
may be a field facet mirror. The second illumination optics mirror 30 may

be a pupil facet mirror.

The following is a description, by means of Fig. 4, of another embodiment
of an imaging optics 31 which may be employed in the projection exposure
apparatus 1 instead of the imaging optics 16. Components which corre-

spond to those described above with reference to Figures 1 and 2 have the
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same reference numerals and are not discussed again. Fig. 4 shows the re-
spective beam paths of three individual rays 20a, 20b, 20c which are emit-
ted by three object field points which are vertically spaced from each other
in Figure 4. The three individual rays 20a, 20b, 20c, which belong to one of
these three object field points, are in each case associated to three different
illumination directions for the three object field points. The individual rays
20a and 20c are the two coma rays at the edge while the individual rays
20b are the chief rays emitted by the respective object field points. Said
chief rays are drawn in Fig. 4 for illustrative purposes only as they extend
through the center of a pupil of the imaging optics 31 and are not actual
imaging beam paths of the imaging optics 31 due to the central obscuration

of the imaging optics 31.

In the imaging beam path of the imaging optics 31, a first pupil plane 32 of
the imaging optics 31 is arranged next to the object field 4. The mirror M2
is arranged between the object field 4 and the object plane 32. A first in-
termediate image plane 33 is disposed on a level with the through-opening
21 in the mirror M1. In the beam path between the mirrors M2 and M3,
another pupil plane 34 is arranged downstream of the intermediate image
plane 33. Another intermediate image plane 35 is disposed in the illumina-
tion beam path between the mirrors M4 and M5. The intermediate image

plane 35 is disposed between the mirror M4 and the mirror M6.

Another pupil plane 36 is disposed in the illumination beam path of the

imaging optics 31 and is approximately on a level with the mirror M6.

The mirrors M1 and M4 are arranged back-to-back. The mirrors M3 and
M6 are also arranged back-to-back.
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The imaging optics 31 also has a first obscured mirror group comprising

the mirrors M1 and M2, a subsequent non-obscured mirror group compris-

ing the mirrors M3 and M4, and a subsequent obscured mirror group com-

prising the mirrors M5 and M6.

In the imaging optics 31, the mirrors M1, M2, M3 and M4 are near-field

mirrors, in other words they have a parameter

P(M) = D(SA)/(D(SA}+D(CR)),

the parameter having a value of no more than 0.9.

D(SA) is the sub-aperture diameter of an object field point at the site of the

mirror M. D(CR) is the maximum distance of chief rays 20b of an effective

object field on the surface of the mirror M in a reference plane, namely in

the drawing plane of Figure 4 which is at the same time a mirror symmetry

plane of the imaging optics 31.

The following table contains the values for the parameter P(M) of all six

mirrors M1 to M6 of the imaging optics 31:

Mirror P(M)
M1 0.70
M2 0.67
M3 0.76
M4 0.61
M5 0.97
Mo 0.98
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In the imaging optics 31, the object plane 5 and the image plane 18 are par-

allel to each other.

The following is a table containing optical design data for the imaging op-

tics 31 obtained by means of the optical design program Code V*.

The mirrors M1 to M6 of the imaging optics 31 are free-form surfaces
which are not describable by a rotation-symmetric function. Other designs
of the imaging optics 31, where at least one of the mirrors M1 to M6 has a

free-form reflection surface of this type, are conceivable as well.

A free-form surface of this type may be obtained from a rotation-
symmetric reference surface. Free-form surfaces of this type for reflection
surfaces of the mirrors of projection optical systems of microlithographic

projection exposure apparatuses are disclosed in US 2007/0058269 Al.

The free-form surface can be described mathematically by the following

equation:
2 N
Z-= = >, xmy”
1+1-(1+ k)’ 7=
with

+1

. (m+n)+m+3n
J= 5

Z is the sagittal height of the free-form surface at the point x, y x>+ y2 =

).
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c is a constant which corresponds to the apex curvature of a corresponding
asphere. k corresponds to a conical constant of a corresponding asphere. C;
are the coefficients of the monomials X™Y". The values of ¢, k and C; are
typically determined on the basis of the desired optical properties of the
mirror in the projection optics 7. The order of the monomial m + n can be
selected randomly. A higher-order monomial may result in a projection
optics allowing for better image error correction, the calculation thereof is
however much more complicated. m + n may take values of between 3 and

more than 20.

It is conceivable as well to mathematically describe free-form surfaces by
Zernike polynomials which are explained for example in the manual of the
optical design program Code V*. Alternatively, free-form surfaces are de-
scribable using two-dimensional spline surfaces such as Bézier curves or
non-uniform rational basis splines (NURBS). Two-dimensional spline sur-
faces may for instance be described by a grid of points in an xy plane and
associated z-values, or by these points and associated slopes. Depending on
the type of the spline surface, the entire surface is obtained by interpolation
between the grid points by using for example polynomials or functions
having particular properties in terms of continuity and differentiability. Ex-

amples thereof are analytic functions.

The mirrors M1 to M6 have multiple reflection layers optimizing the re-
flection of incident EUV illumination light 3. The closer the angle of inci-
dence of the individual rays 20 is to vertical incidence when impinging

upon the mirror surfaces, the better the reflection.
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The first of the following tables contains the reciprocals of the apex curva-
ture (radius) of each of the optical surfaces of the optical components and
of the aperture stop as well as a distance value (thickness) corresponding to
the z-distance of adjacent elements in the beam path starting from the ob-
ject plane. The second table contains the coefficients C; of the monomials
X™Y" in the above free-form surface equation for the mirrors M1 to M6,
with Nradius being a normalizing factor. The third table contains the dis-
tance (in mm) along which the respective mirror has been decentered (Y-
decenter) and rotated (X-rotation) from a mirror reference design. This cor-
responds to a parallel translation in the y-direction and a tilting about the x-
axis performed when the free-form surface is being designed. The tilting

angle is in degrees.

Surface Radius Distance Mode of operation
Object pla-
ne INFINITE 132,471
Stop INFINITE 843,400
M1 -1147,136 -925,871 REFL
M2 1637,131 1651,659 REFL
M3 -591,859 -675,787 REFL
M4 454,702 1453,843 REFL
M5 216,642 -728,056 REFL
M6 892,687 748,341 REFL
Image plane | INFINITE 0,000
Coeffi- M1 M2 M3 M4 M35 M6
cient
K -5,11E-01 -4,35E+00 -5,43E-01  9,31E-01 -9,39E-01 -6,43E-02
Y 0,00E+00  0,00E+00 0,00E+00 0,00E+00  0,00E+00 0,00E+00
X2 9,28E-05 -1,96E-04 9,46E-05 -6,67E-04 -2,14E-03 -4,80E-05
Y2 1,75E-04 -7,88E-05 2,52E-04 -1,09E-03 -2,10E-03 -3,43E-05
X2Y -2,33E-08 -4,77E-09 2,62E-07 2,67E-07 -1,59E-07 -2,73E-08
Y3 1,94E-08  7,88E-08 3,72E-08 1,00E-06  1,35E-07 1,00E-08
Nradius 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00 1,00E+00
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Coeffizient M1 M2 M3 M4 M5 M6  Image plane

Y-decenter | 200,000 -71,157 -200,000 -156,891 -169,307 -186,851 0,000
X-rotation 6,174 1909 -5745 7,869 -0,353 0,115 0,000

Between the object field 4 and the image field 17, the imaging optics 31
has a reduction of 2x. A numerical aperture on the object side of the imag-
ing optics 31 amounts to 0.15. The object field 4 has a size of 20 mm x 20
mm. A numerical aperture on the image side of the imaging optics 31
amounts to 0.3. The image field 17 in the imaging optics 31 has a size of

10 mm x 10 mm.

The following is a description, based on Fig. 5, of another embodiment of
an imaging optics 37 which may be employed in the projection exposure
apparatus 1 instead of the imaging optics 16. Components which corre-
spond to those described above with reference to Figures 1 and 2 have the

same reference numerals and are not discussed again.

The illustration of the imaging beam path comprising the individual rays

20a, 20b, 20c corresponds to the illustration according to Fig. 4.

In the imaging optics 37, the object plane 5 and the image plane 18 are par-

allel to each other.

Figs. 6 and 7 outline two basic possibilities of coupling in illumination
light 3, with a direction of the central ray of incidence 13 of the illumina-
tion light 3 making a virtually negligible angle with the normal 14 to the
object plane 5 when impinging upon the reticle 12. The imaging light in
Figs. 6 and 7 is referred to with 3°, allowing said imaging light 3’ to be dif-

ferentiated from the illumination light 3.
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In the illumination example according to Figs. 6 and 7, the normal 14 to the
object plane 5 coincides with the direction of the central ray of incidence
13 of the bundle of illumination light 3 when reflected by the coupling mir-

ror 11 and impinging upon the reticle 12.

Fig. 6 shows relations when the illumination light 3 is coupled for im-
pingement upon the reticle 12, the relations corresponding to those ex-
plained above with reference to Figs. 1 to 5. In this case, the coupling mir-
ror 11 is disposed in a free area 23 inside the bundle of imaging light 3°.
The inner numerical aperture of the radiation bundle of imaging light 3” in
the free area 23 is slightly greater than the numerical aperture of the bundle
of illumination light 3 impinging upon the reticle 12 after being reflected at
the coupling mirror 11. The imaging optics according to Fig. 6 has a nu-
merical aperture NA’ 5y, on the image side. In the illumination example
according to Fig. 6, the bundle of illumination light 3 impinging upon the
reticle 12 after being reflected at the coupling mirror 11 has a small maxi-
mum angle of incidence which may for instance be smaller than 5°, smaller
than 4°, smaller than 3°, smaller than 2°, or smaller than 1°. The maximum
angle of incidence is the greatest angle made by one of the individual rays
of the bundle of illumination light 3 with the normal 14 to the object plane
5. The bundle of illumination light 3 may also impinge on the reticle 12

with virtually parallel individual rays.

Fig. 7 shows another illumination of the reticle 12 which is inverse to the
illumination according to Fig. 6. A coupling mirror 38 of a coupling optics
according to Fig. 7, which otherwise corresponds to the coupling mirror 11
of the embodiment discussed above, has a ring-shaped reflection surface 39

shown in a schematic plan view by an insert in Fig. 7. The ring-shaped re-
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flection surface 39 surrounds an inner through-opening 40 of the coupling

mirror 38.

In the illumination example according to Fig. 7, the reticle 12 is exposed to
a ring-shaped, in other words annular bundle of illumination light 3. An
inner free area 41 of the bundle of illumination light 3 impinging upon the
coupling mirror 38 has a slightly greater width than the projection of the
through-opening 40 seen by this impinging bundle of illumination light 3,
with the result that the bundle of illumination light 3 is completely re-
flected by the coupling mirror 38 toward the reticle 12.

An imaging optics not shown in Fig. 7, which may be employed in the pro-
jection exposure apparatus 1 instead of the imaging optical systems ex-
plained above, has a numerical aperture on the object side which is slightly
smaller than the numerical aperture on the object side of the edge rays de-
fining the inner boundary of the free area 41 of the bundle of illumination
light 3. The numerical aperture of the imaging light 3’on the object side is
so small that the imaging light 3’ is able to pass the through-opening 40
entirely, in other words there are no losses of imaging light 3’ when pass-

ing the through-opening 40 of the coupling mirror 38.

On the image side, the imaging optics according to Fig. 7 has a numerical

aperture of NA’ oy, again.

In the illumination example according to for example Fig. 6, imaging can
be performed only with imaging light 3” produced by at least +/- first order
of diffraction at the reticle 12, in other words the structures to be imaged.

In this case, the zero order of diffraction is thus not used for imaging.
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All embodiments of the imaging optics described above have in each case

at least one mirror M, with

P(M) < 0.9.

A microstructured or nanostructured component is fabricated by means of
the projection exposure apparatus 1 as follows: In a first step, the reticle 12
and the wafer 19 are provided. Afterwards, a structure on the reticle 12 is
projected onto a light-sensitive layer on the wafer 19 by means of the pro-
jection exposure apparatus 1. The light-sensitive layer is then developed to
form a microstructure or a nanostructure on the wafer 19, with the result
that a microstructured component, for instance a semiconductor component

in the form of a highly integrated circuit, is obtained.
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Claims

Imaging optics (16; 31; 37) for lithographic projection exposure for
guiding a bundle of imaging light (3) with a wavelength shorter than
193 nm by means of a plurality of mirrors (M1 to M6) for beam-
splitter-free imaging of a reflective object (12) in an object field (4) in
an object plane (5) into an image field (17) in an image plane (18),

an object field point having a chief ray angle (o) which is smaller than
3°,

with at least one of the mirrors (M1 to M6) being designed as a near-

field mirror.

Imaging optics (16; 31; 37) for lithographic projection exposure for
guiding a bundle of imaging light (3) with a wavelength shorter than
193 nm by means of a plurality of mirrors (M1 to M6) for beam-
splitter-free imaging of a reflective object (12) in an object field (4) in
an object plane (5) into an image field (17) in an image plane (18),

- with a first mirror (M1) in the imaging beam path between the ob-
ject field (4) and the image field (17) having a through-opening
(21, 22) for the imaging light (3) to pass through,

with at least one mirror (M3, M4) being arranged between the first mir-

ror (M1) in the imaging beam path between the object field (4) and the

image field (17) and the last mirror (M6) in the imaging beam path be-
tween the object field (4) and the image field (17), the reflection sur-
face of the at least one mirror (M3, M4) used for reflecting the imaging

light being continuous.
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Imaging optics (16; 31; 37) for lithographic projection exposure for
guiding a bundle of imaging light (3) with a wavelength shorter than
193 nm by means of a plurality of mirrors (M1 to M6) for beam-
splitter-free imaging of a reflective object (12) in an object field (4) in
an object plane (5) into an image field (17) in an image plane (18),
characterized by a design such that imaging light (3”) of only the +/-
first order of diffraction and/or a higher order of diffraction is used for

imaging.

Imaging optics according to one of claims 1 to 3, characterized in
that a first mirror (M1) in the imaging beam path between the object
field (4) and the image field (17) is concave while a second mirror
(M2) in the imaging beam path between the object field (4) and the im-

age field (17) is convex.

[umination optics (7; 28) for lithographic projection exposure for
beam-splitter-free guidance of a bundle of illumination light (3) with a
wavelength shorter than 193 nm from a radiation source (2) to an ob-
ject (12) in an object field (4) in an object plane (5), the object (12) be-
ing reflective for the illumination light (3),

characterized by a design such that for at least one point of the object
field (4), the bundle of the illumination light (3) has an energy
weighted ray direction of incidence (13) onto the object field (4) which
makes an angle with a normal (14) to the object plane (5) which is

smaller than 3°.

[Mlumination optics according to claim 5, characterized in that the
bundle of the illumination light (3) has a maximum angle of incidence

onto the object field (4) which is smaller than 10°.
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[Mlumination optics according to claim 5, characterized in that the last
mirror (38) of the illumination optics in the illumination beam path in

front of the object field (4) comprises a through-opening (40).

[Mlumination system comprising
- an imaging optics (16, 31; 37) according to one of claims 1 to 4;

- an illumination optics (7; 28) according to one of claims 5 to 7.

[Mlumination system according to claim 8, characterized by a coupling
mirror (11) of the illumination optics (7; 28) which couples the illumi-
nation light (3) into one of the mirrors (M2) of the imaging optics (16;
31; 37) via a through-opening (22).

[Mlumination system according to claim 8, characterized by a coupling
mirror (38) of the illumination optics (7; 28) which comprises a
through-opening (40) through which the imaging light (3”) passes in
the imaging beam path of the imaging optics.

Projection exposure apparatus (1) comprising
- an illumination system according to one of claims 8 to 10;

- alight source (2) for producing the illumination and imaging light

(3).

Method for the fabrication of a structured component, the method com-
prising the following steps:
- providing a reticle (12) and a wafer (19);
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- projecting a structure on the reticle (12) onto a light-sensitive layer
of the wafer (19) by means of the projection exposure apparatus (1)
according to claim 11;

- producing a microstructure or a nanostructure on the wafer (19).

13. Structured component, fabricated according to a method according to

claim 12.
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