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Projection exposure apparatus for microlithography comprising an optical distance

measurement system
This application claims priority to the German Patent Application No. 10 2012 212
663.5 filed on July 19, 2012. The entire disclosure of this patent application is

incorporated into the present application by reference.

Background of the invention

The invention relates to a projection exposure apparatuses for microlithography
comprising a plurality of optical components forming an exposure beam path.
Furthermore, the projection exposure apparatus comprises a distance
measurement system. The invention furthermore relates to a method for distance

measurement in a projection exposure apparatus for microlithography.

Highly productive projection exposure apparatus for microlithography react
sensitively to vibration excitations, such as are produced for example during the
scanning movement of reticle and wafer. Such vibration excitations lead to
deflections of the optical components of the projection exposure apparatus with
regard to the desired position thereof in the beam path, which leads to imaging
aberrations. In accordance with one approach for minimizing these effects, the
optical components are continuously measured with regard to their position. With
regard to measured deflections, corresponding correction measures are
implemented. Dynamic sensors on a capacitive basis or in the form of moving
coils are envisaged for position measurement. Such sensors, in a manner
governed by the design, have to be positioned very close to the area to be
measured, which can cause drift, for example thermal drift, and impairs the
measurement accuracy of the sensor. Moreover, these sensors can in turn have a

disadvantageous effect on the dynamic behavior of the optical components.

CONFIRMATION COPY
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Underlying object

It is an object of the invention to provide a projection exposure apparatus for
microlithography comprising a distance measurement system and also a method
for distance measurement in a projection exposure apparatus whereby the
abovementioned problems can be solved, and in particular a distance
measurement can be carried out on an optical component with improved
accuracy, as far as possible without simultaneously impairing the dynamic |
behavior of the optical component. The distance measurement is preferably

effected from a relatively large distance.

Achievement according to the invention

The above object can be achieved according to the invention for example with a
projection exposure apparatus for microlithography comprising a plurality of
optical components forming an exposure beam path. Furthermore, the projection
exposure apparatus comprises a distance measurement system for measuring a
distance between at least one of the optical components and a reference element.
The distance measurement system comprises a frequency comb generator, which
is configured for generating electromagnetic radiation with a comb-shaped

frequency spectrum.

A comb-shaped frequency spectrum is understood to mean a frequency spectrum
having a plurality of discrete lines arranged with uniform spacing. Discrete lines in
this context are lines whose line width is at most 1/10, in particular at most 1/100
or at most 1/1000, of the distance to the respectively adjacent line.

In other words, the distance measurement system according to the invention
measures the distance between at least one of the optical components and the
reference element with respect to at least one measurement point on the relevant

optical component. An optical component can be, for example, a lens element or
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a mirror of the exposure beam path of the projeétion exposure apparatus. The
distance measurement system comprises a frequency comb generator. The latter
can be used in various ways, described in greater detail below, in the distance
measurement system. The use of such a frequency comb generator makes it
possible to carry out the distance measurement with a very high accuracy. At the
same time, the measurement can be effected optically and thus contactlessly from
a relatively large distance, as a result of which the dynamic behavior of the optical
component is not impaired.

In accordance with one embodiment according to the invention, the distance
measurement system is configured for measuring the distance between the at
least one optical component and the reference element with respect to a plurality
of measurement points on the optical ‘component. Furthermore, the distance
measurement system comprises an evaluation device, which is configured for
determining from the measurements a position of the optical component in
relation to the reference element in a plurality of degrees of freedom. The degrees
of freedom can comprise translations in the x-, y- and/or z-direction and/or tiltings
or rotations about the x-, y- and/or z-axis. In accordance with one variant, the
evaluation device is configured for determining the position in six degrees of
freedom, i.e. in three degrees of freedom of translation and three degrees of
freedom of rotation.

In accordance with a further embodiment according to the invention, the distance
measurement system is configured for monitoring the vibration behavior of the at
least one optical component. For this purpose, the distance measurement is
repeated at short time intervals. The vibration behavior then results from the

distance variations determined over time.

In accordance with a further embodiment according to the invention, the
frequency comb generator comprises a pulsed femtosecond laser. This is
understood to mean a pulsed laser having a pulse duration in the femtoseconds

range. This can be e.g. a mode-locked titanium-sapphire laser. Alternatively, a
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frequency comb generator can also be formed by a linear optical cavity containing
an electro-optical modulator. Such a linear optical cavity is known e.g. from
Figure 3 and the associated description of the document by Youichi Bitou et al.,
“Accurate wide-range displacement measurement using tunable diode laser and
optical frequency comb generator”, Optics Express, Vol. 14, No. 2, 2006, pages
644-654.

In accordance with a further embodiment according to the invention, the
frequency comb generator is configured for generating a pulsed measurement
radiation with a comb-shaped frequency comb, and the distance measurement
system comprises a further frequency comb generator, which is configured for
generating pulsed comparison radiation likewise with a comb-shaped frequency
spectrum, wherein the pulse rate of the comparison radiation differs from the
pulse rate of the measurement radiation. In one variant of this embodiment, the
reference element is configured for splitting a reference radiation from the
measurement radiation. The distance measurement system furthermore
comprises an irradiating device for irradiafing the at least one optical component
being measured with the measurement radiation. Furthermore, the distance
measurement system comprises a superimposition element for superimposing the
comparison radiation with the reference radiation and the measurement radiation
after the interaction thereof with the at least one irradiated component.
Furthermore, the distance measurement system comprises a detection device,
which is configured for recording a temporal profile of the intensity of the
superimposition and for determining the distance between the irradiated

component and the reference element from the detected intensity profile.

In accordance with a further embodiment according to the invention, the detection
device is furthermore configured for determining a propagation time difference
between the reference radiation and the measurement radiation and for
determining therefrom an approximate value for the distance between the
irradiated component and the reference element. This approximate value can

serve as an initial value for the distance, proceeding from which a more precise
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distance value can be determined by evaluation of a fine structure produced by
superimposition of the frequency combs of the superimposed radiations.

In accordance with a further embodiment according to the invention, in the
projection exposure apparatus there is formed a measurement beam path
extending over a plurality of the optical components in such a way that at each of
the affected optical components a respective portion of a measurement radiation
is reflected back to the distance measurement system. In accordance with one
variant, the detection device is configured for determining a respective
propagation time difference between the reference radiation and the respective
reflected measurement radiation and for determining from the determined
propagation time differences the relative arrangement of the affected optical

components with respect to one another in the exposure beam path.

In accordance with a further embodiment according to the invention, the at least
one optical component to be measured has a probe element, which is configured
for reflecting a portion of an incident measurement radiation back on itself and for
reflecting a further portion of the incident measurement radiation on to a further
one of the optical components. In accordance with one variant, the at least one
optical component to be measured has a plurality of such probe elements
arranged in a ring-shaped manner along the edge of the irradiated optical

component.

In accordance with a further embodiment according to the invention, the distance
measurement system further comprises an irradiating device having a plurality of
measurement radiation sources, wherein the individual measurement radiation
sources are arranged for irradiating the at least one optical component to be

measured with the measurement radiation at different points in each case.

In accordance with a further embodiment according to the invention, the distance
measurement system comprises an optical resonator arranged between the

reference element and the optical component to be measured. Such a resonator
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can be formed by two mirrors, of which one is arranged at the reference element
and the other is arranged at the optical component to be measured. In
accordance with one variant, the optical resonator is embodied as a Fabry-Perot

resonator.

In accordance with a further embodiment according to the invention, the distance
measurement system comprises a wavelength-tunable radiation source and a
coupling device, which is configured for coupling the optical frequency of the
tunable radiation source to the resonant frequency of the optical resonator.
Therefore, the optical frequency of the tunable radiation source follows the
resonant frequency of the optical resonator in terms of the temporal profile.

In accordance with a further embodiment according to the invention, the distance
measurement system furthermore comprises a frequency measuring device,
which comprises the frequency comb generator and is configured for measuring
the optical frequency of the tunable radiation source. The distance of the mirrors

of the optical resonator can be determined from the measured optical frequency.

In accordance with a further embodiment according to the invention, the distance
measurement system comprises an irradiating device for irradiating the at least
one optical component to be measured with measurement radiation having at
least two optical frequencies of the comb-shaped frequency spectrum.
Furthermore, the distance measurement system can comprise an interferometer,
which is configured for evaluating the measurement radiation after interaction with
the optical component to be measured by means of multiple wavelength

interferometry.

In accordance with a further embodiment according to the invention, the distance
measurement system is configured for carrying out wavelength scanning
interferometry. Both multiple wavelength interferometry mentioned above and
wavelength scanning interferometry are known to the person skilled in the art e.g.

from the document by S. Hyun et al., “Absolute distance measurement using the
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frequency comb of a femtosecond laser’, CIRP Annals - Manufacturing
Technology 59 (2010), pages 555-558. In the document, muitiple wavelength
interferometry is designated as MWI, and wavelength scanning interferometry as
WSI, and are described for example in the second section entitled “Multi-

wavelength generation” extending over pages 555 to 557.

In accordance with a further embodiment according to the invention, the projection
exposure apparatus is configured for operation with EUV radiation. This should be
understood to mean a projection exposure apparatus which uses EUV radiation
as exposure radiation for imaging mask structures onto a substrate. EUV radiation
should be understood to mean radiation having a wavelength of less than 100 nm,
in particular having a wavelength of approximately 13.5 nm or approximately
6.8 nm. In accordance with an alternative embodiment, the projection exposure
apparatus can also be configured for operation with VUV radiation, i.e. radiation
having a wavelength of e.g. 193 nm, 248 nm or 365 nm.

A method for distance measurement in a projection exposure apparatus for
microlithography is furthermore provided according to the invention. The
projection exposure apparatus comprises a plurality of optical components
forming an exposure beam path. The method comprises the following steps:
generating an electromagnetic radiation with a comb-shaped frequency spectrum,
and measuring a distance between at least one of the optical components and a
reference element of the projectioh exposure apparatus for microlithography using

the radiation with the comb-shaped frequency spectrum.

In accordance with embodiments according to the invention, the measurement is
effected by means of a distance measurement system in one of the embodiments

described above.

The features indicated with respect to the abovementioned embodiments of the
projection exposure apparatus according to the invention can correspondingly be

applied to the method according to the invention.
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Brief description of the drawings

The above, and also further advantageous features of the invention are illustrated
in the following detailed description of exemplary embodiments according to the

invention with reference to the accompanying schematic drawings, in which:

Figure 1 shows a projection exposure apparatus for microlithography comprising
an optical distance measurement system integrated therein in one embodiment
according to the invention, which serves for measuring a distance between one or
a plurality of optical components of the projection exposure apparatus and a

reference element and comprises two frequency comb generators,
Figure 2 shows the region identified by Il in Figure 1 in a detail,

Figure 3 shows an illustration of a measurement beam path serving for distance
measurement in accordance with Figure 1 in an embodiment according to the

invention,

Figure 4 shows a plan view of an optical component of the projection exposure
apparatus in accordance with Figure 1 with probe elements arranged thereon for
irradiation with measurement radiation generated by the optical distance
measurement system,

Figure 5 shows an exemplary arrangement of a muiltiplicity of measurement

radiation sources in the distance measurement system from Figure 1,

Figure 6 shows an exemplary illustration of the electric field strength of a radiation
generated by one of the frequency comb generators from Figure 1 over time and
also the intensity of the measurement radiation as a function of the optical

frequency,
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Figure 7 shows a further embodiment according to the invention of an optical
distance measurement system for use in the projection exposure apparatus from

Figure 1, and

Figure 8 shows a further embodiment according to the invention of an optical
distance measurement system for use in the projection exposure apparatus from

Figure 1.

Detailed description of an exemplary embodiment according to the invention

In the exemplary embodiments or embodiments described below, elements that
are functionally or structurally similar to one another are as far as possible
provided with the same or similar reference signs. Therefore, for an understanding
of the features of the individual elements of a specific exemplary embodiment,
reference should be made to the description of other exemplary embodiments or

the general description of the invention.

In order to facilitate the description of the projection exposure apparatus, the
drawing indicates a Cartesian xyz coordinate system that reveals the respective
positional relationship of the components illustrated in the figures. In Figure 1, the
y-direction runs perpendicular to the plane of the drawing out of the latter, the
x-direction runs toward the right, and the z-direction runs upward.

Figure 1 illustrates an embodiment of a projection exposure apparatus 10 for
microlithography. The projection exposure apparatus 10 serves for imaging mask
structures arranged on a reticle 12 onto a substrate 14 in the form of a wafer. For
this purpose, the reticle 12 is illuminated with exposure radiation 18. The
exposure radiation 18 is generated by an exposure radiation source 16 and
radiated onto the reticle 12 by means of an illumination optical unit 20. In the case
illustrated, the wavelength of the exposure radiation 18 is in the EUV wavelength
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range and thus at a wavelength of less than 100 nm, e.g. a wavelength of 13.5 nm
or 6.8 nm. Alternatively, the wavelength of the exposure radiation can also be in
the UV wavelength range, for example at 365 nm, 248 nm or 193 nm.

The imaging of the mask structures from the reticle 12 onto the substrate 14 is
effected by means of a projection lens 22. After passing through the projection
lens 22, the exposure radiation 18 is guided into an exposure beam path by
means of optical components M1 to M6. In the present case, in which EUV
radiation serves as exposure radiation 18, the optical components M1 to M6 are

embodied as mirrors.

Furthermore, an optical distance measurement system 30 is integrated into the
projection exposure apparatus 10. The distance measurement system 30 is
configured for measuring the distance between at least one of the optical
components M1 to M6 and a reference element 40. In the case illustrated, the
distance measurement system 30 serves for measuring the distance between
each individual one of the optical components and the reference element 40. In
this case, the distance measurement can be effected with respect to one
measurement point on the respective optical component M1 to M6 or else with
respect to a plurality of measurement points on the optical components M1 to M6.
Depending on the number of measurement points, by means of the distance
measurement a position of the respective optical components M1 to M6 in relation
to the reference element 40 is determined in one or a plurality of degrees of
freedom. In accordance with one embodiment, the determination is effected in all
six degrees of freedom of a rigid-body movement, i.e. with regard to x-, y- and z-
translation and tilting or rotations about the x-, y- and z-axes. The distance
measurement system 30 is configured, in particular, for measuring the position of
the individual optical components in the temporal profile and thus for monitoring a
vibration behavior of the optical components M1 to M6. The optical distance
measurement system 30 comprises a measurement radiation source in the form
of a first frequency comb generator 32 for generating a pulsed measurement

radiation 36. The frequency comb generator 32 can comprise, for example, a
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pulsed femtosecond laser known to the person skilled in the art, for instance in the

form of a mode-locked titanium-sapphire laser.

Figure 6 shows two diagrams arranged one above the other. The upper diagram
shows by way of example the temporal profile E(t) of the field strength of the
measurement radiation 36 generated by the frequency comb generator 32. As can
be seen from the diagram, the measurement radiation 36 contains pulses
succeeding one another with a period interval of T. The reciprocal value of the
period interval T is designated as the pulse repetition frequency f,.. The lower
diagram in Figure 6 illustrates the intensity distribution I(f) of the measurement
radiation 36 as a function of the optical frequency f. As can be seen from the
diagram, the frequency spectrum is comb-shaped, i.e. the frequency spectrum
has a multiplicity of discrete lines arranged in each case with the spacing of f;. The
intensity of the individual lines rises up to a maximum value at the frequency f;
and then falls again. The conversion between the diagram of the electric field
strength and the diagram of the intensity can be carried out by means of a Fourier

transformation.

The measurement radiation 36 generated by the frequency comb generator 32 in
accordance with Figure 1 firstly impinges on a reference element 40, which is
configured for reflecting a portion of the measurement radiation 36 back on itself
in the form of a reference radiation 41. The remaining portion of the measurement
radiation 36 passes through the reference element 40 unchanged. This portion of
the measurement radiation 36 thereupon passes through the projection lens 22 in
a measurement beam path provided therefor as far as the sixth optical component
M6. In this case, the measurement radiation 36 impinges on each of the optical
components M1 to M6. At each of the optical components M1 to M5, a portion 36b
of the respectively incident measurement radiation 36a is reflected back on itself,
while the respectively remaining portion 36b of the measurement radiation 36a is
forwarded to the respectively next optical component. At the optical component

M6, the measurement radiation 36a incident there is completely reflected.
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For reflecting back or forwarding the measurement radiation 36, the optical
components M1 to M6 each have at least one probe element 44. Such a probe
element 44 is illustrated in Figure 2 on the basis of the example of the optical
component M4 of the projection lens 22 from Figure 1. Figure 2 shows the section
designated by Il in Figure 1 in detail. The probe element 44 is arranged at an
edge region of the component M4 on the side of a mirror surface for the exposure
radiation 18. A used surface 46 of the mirror surface is directly adjacent to the

probe element 44.

The probe element 44 has a first reflective section 44a and a second reflective
section 44b. The first reflective section 44a serves for reflecting the incident
measurement radiation 36a back on itself. The measurement radiation 36b
reflected back on itself thus has a beam direction opposite to the beam direction
of the incident measurement radiation 36a. The second reflective section 44b
reflects that portion of the incident measurement radiation 36a which impinges
thereon on to the optical component arranged downstream in the beam path, the
component M5 in the present case. The radiation reflected in this case is
designed as forwarded measurement radiation 36c¢, and the measurement
radiation 36¢ subsequently impinges on a corresponding probe element 44 on the
component M5. The measurement radiation 36b reflected back on itself at the
respective optical components M1 to M6 passes through the measurement beam
path in the opposite direction and finally enters into the distance measurement
system 30 again, where it passes through the reference element 40 and is
thereupon directed together with the reference radiation 41 via a beam splitter 38
onto a superimposition element 42 in the form of a further beam splitter. With the
aid of the superimposition element 42, the combination of measurement radiation
36b and reference radiation 41 is superimposed with a comparison radiation 35

on a detection device 43.

The comparison radiation 35 is generated by a second frequency comb generator
34, which forms a so-called “local” oscillator. The frequency comb generator 34 is

constructed analogously to the frequency comb generator 32. The comparison
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radiation 35 generated by the frequency comb generator 34 differs from the
measurement radiation 36 generated by the frequency comb generator 32 merely
in the pulse rate. In the detection device 43, the respective distance between the
individual optical components M1 to M6 in the measurement beam path and the
reference element 40 is calculated from the superimposition of the comparison

radiation 35 with the measurement radiation 36b and the reference radiation 41.

In doing so, propagation time differences between the pulses of the reference
radiation 41 and the pulses of the measurement radiation 36b reflected back by
the individual optical components M1 to M6 are firstly determined. From the
propagation time differences determined, the measured pulses of the
measurement radiation 36b can be assigned to the individual optical components
M1 to M6. At the same time a respective initial value for the distance between the
reference element 40 and the individual optical components M1 to M5 is
determined from the propagation time measurement. Furthermore, proceeding
from the respective initial value, a highly precise value for the distance between
‘the reference element 41 and the respective optical components M1 to M6 is
thereupon determined by evaluation of a fine structure produced by the
superimposition of the frequency combs from comparison radiation 35 and

measurement radiation 36b.

The basic construction and the fundamental functioning of the distance
measurement system 30 are described in one possible embodiment in the
document by I. Coddington et al.,, “Rapid and precise absolute distance
measurements at long range”, Nature Photonics, Vol. 3, June 2009, pages
351-356. In this regard, Figure 1 of the document shows under (a) the
measurement beam path, under (¢) the measurement data used for the
propagation time measurement, and under (b) the fine structure evaluated for
precise distance determination. Details regarding the configuration of the
measurement system 30 are therefore known to the person skilled in the art from

the document by Coddington et al. This document in its entire scope, in particular
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with regard to the description concerning Figure 1, is incorporated by express
reference in the disclosure of this application.

In accordance with a further embodiment, the distance measurement system 30 in
accordance with Figure 1 is embodied without the second frequency comb
generator 34. In other words, a local oscillator is dispensed with, but instead the
repetition rate of the frequency comb generator 32 that generates the
measurement radiation 36 can be manipulated. This embodiment of the
measurement system 30 can be configured for example as described in the
document by Jun Ye, “Absolute measurement of a long, arbitrary distance to less
than an optical fringe”, Optics Letters, Vol. 29, No. 10, May 15, 2004, pages
1153-1155. The content of this document is likewise incorporated by express
reference in the disclosure of this application.

As already mentioned above, in accordance with one embodiment, one or a
plurality of the optical components M1 to M6 of the projection exposure apparatus
10 in accordance with Figure 1 have not just one probe element 44 for reflecting
the measurement radiation 36, but rather a plurality of such probe elements 44.
Figure 4 shows an exemplary embodiment of such an optical component M
having a multiplicity of probe elements 44. The probe elements 44 are arranged in
a ring-shaped edge region of the reflective surface of the optical component M
embodied as a mirror. The ring-shaped edge region of the optical component M is
designated as measurement radiation guiding region 48 and surrounds a used
surface 46 serving for reflecting the exposure radiation 18. As can be seen from
Figure 4, the probe elements 44 are arranged substantially at a uniform distance

from one another in each case.

Figure 3 schematically illustrates the embodiment of the measurement system 30
for probing a plurality of probe elements 44 on the respective optical components
M. For the sake of simplified illustration, Figure 3 illustrates only three optical
components M1 to M3. The first frequency comb generator 33 generates the

measurement radiation 36 in a plurality of individual measurement beams 36e.
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Each of the measurement beams 36e respectively probes a probe element 44 on
each of the optical components M1 to M3, as illustrated by way of example for
one probe element 44 in Figure 2. With regard to each of the individual
measurement beams 36e, a respective individual beam of the reference radiation
41 and of the comparison radiation 35 are superimposed and evaluated by means
of the detection device 36, as already described above. The measurement system
30 in accordance with Figure 3 thus comprises an irradiating device 31 for
irradiating the optical components M1 to M6 with the measurement radiation 36.
The irradiating device 31 comprises a multiplicity of measurement radiation
sources 50 that each generate a measurement beam 36e. Figure 5 shows an
embodiment of an arrangement of such measurement radiation sources 50 in a
plane transversely with respect to the direction of propagation of the
measurement radiation 36. The measurement radiation sources serve for

irradiating optical components M in the embodiment illustrated in Figure 4.

As already mentioned above, in the projection exposure apparatus 10 in
accordance with Figure 1, it is also possible for only a portion of the optical
components M1 to M6, e.g. one, two, three, four or five optical components, to be

provided with in each case one or a plurality of probe elements 44.

Figure 7 shows a further configuration 130 according to the invention of an optical
distance measurement system. Like the distance measurement system 30, the
distance measurement system 130 serves for measuring a distance between at
least one component M of a projection exposure apparatus for microlithography,
for example of the type illustrated in Figure 1, and a reference element. In the
embodiment in accordance with Figure 7, the reference element is a
measurement frame 140, which can be connected for example fixedly to the
housing of the projection lens 22 of the projection exposure apparatus 10.

The measurement system 130 in accordance with Figure 7 comprises an optical
resonator 152 in the form of a Fabry-Perot resonator. The optical resonator 152

comprises two resonator mirrors 154 and 155, of which the first resonator mirror
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154 is fixed to the reference element 140 and the second resonator mirror 155 is
fixed to the optical component M. In the case illustrated, the optical component M
is a mirror for EUV lithography and comprises a mirror mount 28 and also a mirror
element 26 held by it and having a mirror surface 27 for reflecting the exposure
radiation 18. In accordance with one embodiment, the resonator mirror 155 is
fixed to the mirror mount 28, in particular an edge region thereof. The distance
between the resonator mirrors 154 and 155 is preferably greater than 10 cm, as a
result of which a thermal and dynamic coupling between the optical component M

and the reference element 140 is minimized.

The distance measurement system 130 comprises a radiation source which is
tunable with regard to its optical frequency, e.g. in the form of a diode laser with
an external cavity. The tunable radiation source 156 generates an input coupling
radiation 158, which passes through a beam splitter 162 and is thereupon coupled
into the optical resonator 152. In this case, the radiation source 156 is controlled
by a coupling device 180 such that the optical frequency of the radiation source
156 is tuned to the resonant frequency of the optical resonator 152 and is thus
coupled to the resonant frequency. One example of a technical realization of the
coupling of the tunable radiation source 156 to the optical resonator 152 is
described in the document Youichi Bitou et al. “Accurate wide-range displacement
measurement using tunable diode laser and optical frequency comb generator”
Optics Express, Vol. 14, No. 2, 2006, pages 644-654. In this respect, reference is
made, in particular, to Figure 1 and the associated description in the cited
document.

In the embodiment in accordance with Figure 7, the input coupling radiation 1568 is
coupled out of the resonator beam path by means of a beam splitter 162 and
analyzed by means of an optical frequency measuring device 164. The optical
frequency measuring device 164 comprises a frequency comb generator 132 and
is configured for measuring the absolute optical frequency of the input coupling
radiation 158 with high accuracy. The abovementioned document by Youichi Bitou

et al. shows in Figure 3 an example of the embodiment of the optical frequency
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measuring device 164. In this case, a linear optical cavity comprising an electro-
optical modulator is used as the frequency comb generator. Alternatively, it is
conceivable to use the femtosecond laser already described above as the

frequency comb generator 132.

The entire disclosure of the document by Youichi Bitou et al., in particular
Figures 1 and 3 together with description referring thereto, is incorporated by
express reference in the disclosure of this application. Furthermore, the distance
measurement system 130 can also be designed on the basis of that in the
document by T.R. Schibli et al., “Displacement metrology with sub-pm resolution
in air based on a fs-comb wavelength synthesizer”, Optics Express, Vol. 14,
No. 13, pages 5984-5993. The entire disclosure of this document is likewise

incorporated by express reference in the disclosure of the present application.

If the position of the optical component M changes in the x-direction, then the
distance between the resonator mirrors 154 and 155 changes, as a result of which
the resonant frequency of the optical resonator 152 likewise changes. As a result
of the coupling of the optical frequency of the tunable radiation source 156 to the
resonant frequency of the optical resonator 152, the optical frequency of the input
coupling radiation 158 also changes in this case. Such a change in the optical
frequency is registered directly by the optical frequency measuring device 164.
From the measurement signal of the frequency measuring device 164, vibrations

of the optical component M can thus be monitored with high accuracy.

Figure 8 shows a further embodiment 240 according to the invention of an optical
distance measurement system for a projection exposure apparatus for
microlithography. The distance measurement system 240 in accordance with
Figure 8 serves, analogously to the distance measurement system 140 in
accordance with Figure 7, for measuring the distance between at least one optical
component M of a projection exposure apparatus 10 and a reference element

240 in the form of a measurement frame.
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For distance measurement with the aid of the distance measurement system 230
in accordance with Figure 8, the optical component M, which is an EUV mirror in
the case illustrated, analogously to the embodiment in accordance with Figure 7,
is provided with a retroreflector 266. Like the resonator mirror 155 in accordance
with Figure 7, the retroreflector 266 is fixed to the mirror mount 28 of the optical
component M. The optical distance measurement system 230 comprises an
irradiating device 231 having a frequency comb generator 232. The latter, like the
frequency comb generators already described above, can comprise a

femtosecond laser, for example.

The frequency comb generator 232 generates a radiation with a comb-shaped
frequency spectrum. A plurality of frequencies of this frequency spectrum are
thereupon selected by the irradiating device 231 and radiated in the form of a
measurement radiation 236 onto the retroreflector 266. The irradiating device 231
thus constitutes a multiple-wavelength light source. The measurement radiation
236 is reflected back on itself by the retroreflector 266 and analyzed by means of
an interferometer 268. This analysis comprises, on the one hand, multiple
wavelength interferometry and, on the other hand, wavelength scanning
interferometry. A highly precise measurement value of the distance between the
retroreflector 266 and the reference element 240 to which the distance
measurement system 230 is fixed is determined from the result of this analysis.

One example of the principle underlying the optical distance measurement system
230 and the technical realization thereof is described in the document by S. Hyun
et al., “Absolute distance measurement using the frequency comb of a
femtosecond laser”, CIRP Annals — Manufacturing Technology 59 (2010), pages
555-558. From this document the person skilled in the art knows especially about
the method of multiple wavelength interferometry (MWI) and wavelength scanning
interferometry (WSI). The content of this document, in particular the content of
Figure 5 and of the associated description, is incorporated by explicit reference in
the disclosure of the present application. |
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List of reference signs

M1-M6
10
12
14
16
18
20
22
26
27
28
30
31
32
34
35
36
36a
36b
36¢
36e
38
40
41
42
43
44
44a
44b
46

optical components

projection exposure apparatus
reticle

substrate

exposure radiation source
exposure radiation

illumination optical unit

projection lens

mirror element

mirror surface

mirror mount

distance measurement system
irradiating device

first frequency comb generator
second frequency comb generator
comparison radiation
measurement radiation

incident measurement radiation
measurement radiation reflected back on itself
forwarded measurement radiation
individual measurement beam
beam splitter

reference element

reference radiation
superimposition element
detection device

probe element

first reflective section

second reflective section

used surface
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48

50

130
132
140
152
154
1685
156
158
160
162
164
230
231
232
236
240
266
268

20

measurement radiation guiding region
measurement radiation source
distance measurement system
frequency comb generator
reference element

optical resonator

resonator mirror

resonator mirror

tunable radiation source

input coupling radiation
coupling device

beam splitter

frequency measuring device
distance measurement system
irradiating device

frequency comb generator
measurement radiation
reference element
retroreflector

interferometer
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Claims

1. A projection exposure apparatus (10) for microlithography comprising a
plurality of optical compohents (M1-M8) forming an exposure beam path, and
comprising a distance measurement system (30, 130, 230) for measuring a
distance between at least one of the optical components (M1-M6) and a reference
element (40, 140, 240), wherein the distance measurement system comprises a
frequency comb generator (32, 132, 232), which is configured for generating
electromagnetic radiation (36, 236) with a comb-shaped frequency spectrum.

2. The projection exposure apparatus according to Claim 1,

wherein the distance measurement system (30, 130, 230) is configured for
measuring the distance between the at least one optical component (M1-M6) and
the reference element (40, 140, 240) with respect to a plurality of measurement
points on the optical component, and furthermore comprises an evaluation device,
which is configured for determining from the measurements a position of the
optical component in relation to the reference element in a plurality of degrees of

freedom.

3. The projection exposure apparatus according to Claim 1 or 2,
wherein the distance measurement system (30, 130, 230) is configured for

monitoring a vibration behavior of the at least one optical component (M1-M6).

4, The projection exposure apparatus according to any of the preceding
claims,

wherein the frequency comb generator (32, 132, 232) comprises a pulsed
femtosecond laser.

5. The projection exposure apparatus according to any of the preceding
claims,
wherein the frequency comb generator (32) is configured for generating a pulsed

measurement radiation (36) with a comb-shaped frequency comb, and the
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distance measurement system (30) comprises a further frequency comb
generator (34), which is configured for generating pulsed comparison radiation
(35) likewise with a comb-shaped frequency spectrum, wherein the pulse rate of
the comparison radiation (35) differs from the pulse rate of the measurement
radiation (36).

6. The projection exposure apparatus according to Claim 5,

wherein the reference element (40) is configured for splitting a reference radiation
(41) from the measurement radiation (36), and the distance measurement system
(30) furthermore comprises:

- an irradiating device (31) for irradiating the at least one optical component
(M1-M6) to be measured with the measurement radiation (36),

- a superimposition element (42) for superimposing the comparison radiation
(35) with the reference radiation (41) and the measurement radiation (36) after the
interaction thereof with the at least one irradiated component (M1-M6), and

- a detection device (43), which is configured for recording a temporal profile
-of the intensity of the superimposition and for determining the distance between
the irradiated component (M1-M6) and the reference element (40) from the

detected intensity profile.

7. The projection exposure apparatus according to Claim 6,

wherein the detection device (43) is furthermore configured for determining a
propagation time difference between the reference radiation (41) and the
measurement radiation (36) and for determining therefrom an approximate value
for the distance between the irradiated component (M1-M6) and the reference
element (40).

8. The projection exposure apparatus according to any of the preceding
claims,

in which is formed a measurement beam path extending over a plurality of the
optical components (M1-M6) in such a way that at each of the affected optical
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components a respective portion (36b) of a measurement radiation (36) is

reflected back to the distance measurement system (30).

9. The projection exposure apparatus according to any of the preceding
claims,

wherein the at least one optical component (M1-M6) to be measured has a probe
element (44), which is configured for reflecting a portion (36b) of an incident
measurement radiation (36a) back on itself and for reflecting a further portion
(36¢c) of the incident measurement radiation onto a further one of the optical

components (M1-M6).

10. The projection exposure apparatus according to any of the preceding
claims,

wherein the distance measurement system (30) furthermore comprises an
irradiating device having a plurality of measurement radiation sources (50),
wherein the individual measurement radiation sources (50) are arranged for
irradiating the at least one optical component (M1-M6) to be measured with the
measurement radiation (36) at different points in each case.

11. The projection exposure apparatus according to any of the preceding
claims,

wherein the distance measurement system (130) comprises an optical resonator
(152) arranged between the reference element (140) and the optical component

(M) to be measured.

12.  The projection exposure apparatus according to Claim 11,

wherein the distance measurement system (130) comprises a wavelength-tunable
radiation source (156) and a coupling device (160), which is configured for
coupling the optical frequency of the tunable radiation source (156) to the
resonant frequency of the optical resonator (152).

13.  The projection exposure apparatus according to Claim 11 or 12,
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wherein the distance measurement system (130) furthermore comprises a
frequency measuring device (164), which comprises the frequency comb
generator (132) and is configured for measuring the optical frequency of the
tunable radiation source (156).

14. The projection exposure apparatus according to any of the preceding
claims,

wherein the distance measurement system (230) comprises:

an irradiating device (231) for irradiating the at least one optical éomponent to be
measured with measurement radiation (236) having at least two optical
frequencies of the comb-shaped frequency spectrum, and

an interferometer (268), which is configured for evaluating the measurement
radiation (236) after interaction with the optical component to be measured by

means of multiple wavelength interferometry.

15.  The projection exposure apparatus according to Claim 14,
wherein the distance measurement system (230) is configured for carrying out

wavelength scanning interferometry.

16. The projection exposure apparatus according to any of the preceding
claims,

which is configured for operation with EUV radiation.

17. A method for distance measurement in a projection exposure apparatus
(10) for microlithography comprising a plurality of optical components (M1-M6)
forming an eXposure beam path, comprising the following steps:

- generating an electromagnetic radiation (36, 136) with a comb-shaped

frequency spectrum, and

- measuring a distance between at least one of the optical components (M1-
M6) and a reference element (40, 140, 240) of the projection exposure apparatus
(10) using the radiation (36, 136) with the comb-shaped frequency spectrum.
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