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Description

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0001] The present invention relates to microlithographic exposure apparatus that image a mask onto a light sensitive
surface. More particularly, the invention relates to such apparatus comprising illumination optics that contain an array
of mirrors.

2. Description of Related Art

[0002] Microlithographic projection exposure apparatus often comprise illumination optics for producing an intensity
distribution in an exit pupil associated to object field points in an object field which is illuminated by illumination optics.
Such apparatus are known, for example, from US 6,285,443 B1. The structuring (i.e. producing a desired intensity
distribution) of exit pupils results from structuring an intensity distribution in angle space, which is produced by a diffractive
optical element (DOE) in a plane which is Fourier related by Fourier optics to a subsequent pupil plane. In the exit pupil
the intensity distribution is described as a function of pupil coordinates which correspond to angles in the plane of the
DOE. Variable zoom objectives and/or axicon systems, which are arranged between the DOE and the pupil plane, may
be used in order to selectively vary the angle distribution produced by the DOE. It is thereby possible, for example, to
adjust the coherence of the illumination, for example the outer and/or inner σ of a setting, with σ being the coherence
parameter which will be described in more detail below. These adjustable elements make it possible to obtain a more
complex structuring of exit pupils. The zoom objective and/or the axicon system ensure a radially symmetric or axisym-
metric redistribution of light about the optical axis of the pupil plane as a symmetry axis. Without restriction of generality,
symmetry of the axicon is assumed with respect to the optical axis.
[0003] For the coherence parameters indicated above, the outer σ is a measure of the fill factor of light in the exit pupil.
Conversely, the inner σ is a measure of the fill factor of central obscuration or shadowinq inside the light-filled region in
the exit pupil, which is described by the outer σ. At least one further set of Fourier optics transforms the distribution as
a function of the pupil position in the pupil plane into an angle distribution in a subsequent object plane, so that the exit
pupils of the object field points of the object field in the object plane of the illumination optics are structured.
[0004] A restricting factor in these projection exposure apparatus is that structuring produced by a DOE can be modified
only to a small extent, essentially radially symmetrically or axisymmetrically with respect to the optical axis, by adjusting
lenses varying lenses of the zoom objective or elements of the axicon system. If a completely different structure of the
exit pupil is desired, it is necessary to change the DOE. In practice, the time taken to provide a suitable DOE for the
desired pupil structuring may be several days or even weeks. Such projection exposure apparatus are therefore only
limitedly suitable for fulfilling the customer requirements of rapid change. For example, it is not possible to a change
between very different structurings of the exit pupils within fractions of a second.
[0005] Projection exposure apparatus for microlithography, having illumination optics for rapidly changing the struc-
turing of exit pupils by means of multi-mirror arrays. (MMA) are known, for example, from WO 2005/026843 A2 and EP
1 865 359 A1.
[0006] Methods for calculating optimal structurings of exit pupils of illumination optics of a projection exposure apparatus
as a function of mask structures to be imaged on the reticle are known, for example, from US 6,563,566 B2 and US
2004/0265707 A1.

SUMMARY OF THE INVENTION

[0007] It is a first object of the invention to refine a projection exposure apparatus of the type mentioned in the intro-
duction. In particular, it is an object of the present invention to provide a projection exposure apparatus having a mul-
ti-mirror array (MMA) for rapidly and reproducibly changing the structuring of exit pupils of object field points of illumination
optics of a projection exposure apparatus.
[0008] This object is achieved according to the invention by the projection exposure apparatus for microlithography
of claim 1.
[0009] The Inventors have discovered that the DOE in conventional projection exposure apparatus, as described for
example in US 6,285,443 B1, leads to strong light mixing in the exit pupils. Here, strong light mixing means that the
intensity of a region in the exit pupil is formed by the superposition of a multiplicity of illumination rays, which come from
essentially all positions or field points of the DOE. In such systems the temporal and/or spatial fluctuations of the light
source, for example spatial laser jitter, are therefore balanced out by the strong light mixing of the DOE. During the
exposure process, this gives approximately temporally stabilised structuring in the exit pupils, which fluctuates only to
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a small extent relative to time-averaged structuring. For conventional projection exposure apparatus with DOEs, it is
now possible in a wide variety of ways to make such time-averaged structuring in the exit pupils approximate structuring
desired for the exposure process. Estimates, which are applicable for a large number of systems, have revealed that
about 80, 000 or more mirrors of a multi-mirror array (MMA) for a projection exposure apparatus are needed in order to
replicate the light mixing property of a DOE of a conventional projection exposure apparatus. Such multi-mirror arrays
(MMA) with so large a number of mirrors for projection exposure apparatus, in order to generate strong light mixing, are
currently not technologically achievable.
[0010] According to the invention, it has been discovered that for projection exposure apparatus having fewer than
80,000 mirrors, temporal stabilisation of the illumination of a multi-mirror array (MMA) gives similarly good or even better
time-averaged structurings of the exit pupils. Structuring of exit pupils of the projection exposure apparatus, calculated
as optimal and desired by the user of the projection exposure apparatus, is therefore reproducible with high accuracy
by the projection exposure apparatus during the exposure process. Fluctuations in the structuring of exit pupils with only
very small tolerable deviations relative to the desired structuring are therefore achievable. This means that the present
invention advantageously allows the light mixing property of a DOE in the pupil to be replicated for temporally stabilising
desired structuring of an exit pupil. The exit pupil is therefore advantageously decoupled from the temporal and/or spatial
fluctuations of the light source, for example laser jitter of an excimer laser, by temporally stabilising the illumination in a
position or field plane of the illumination optics, which contains for example the MMA with fewer than 80,000 mirrors.
[0011] The structuring of an exit pupil is equivalent in meaning here to an intensity distribution in the exit pupil. In the
specialist terminology, setting is also referred to instead of structuring of an exit pupil.
[0012] The exit pupil of an object field point is defined in optics textbooks as the image of the aperture-limited stop,
which results from imaging this stop through the optics following the stop in image space. Expressed another way, the
exit pupil is the image of the aperture-limited stop as it appears with backward observation of the stop as seen from the
object field point through the optics following the stop. If the aperture-limited stop lies at a distance from the subsequent
optics shorter than the value of the focal length of the subsequent optics, then the exit pupil is a virtual image of the
aperture-limited stop and precedes the object plane of the object field point in question in the light direction. But if the
stop lies at a distance from the subsequent optics longer than the value of the focal length of these optics, then the exit
pupil is a real image of the aperture-limited stop which may for example be captured or represented by a screen at the
position of the exit pupil. In a telecentric system, the aperture-limited stop lies at a distance from the subsequent optics
which corresponds to the focal length of the subsequent optics, so that the exit pupil is found both as a virtual image of
the aperture-limited stop at infinity in the light direction before the object field plane of the object field point in question,
and as a real image of the aperture-limited stop in the light direction at infinity after the object field plane of the object
field point in question. This virtual or real image of the aperture-limited stop as the exit pupil of a telecentric system may
readily be obtained by those illumination rays of the object field point which can just still pass through the aperture-limited
stop (marginal rays) at the object field point being extended in a straight line backwards or in a straight line forwards to
infinity. A position of an illumination ray in the virtual or real image of the aperture-limited stop as the exit pupil of an
object field point in this case corresponds to the associated angle of the illumination ray in the object plane at the object
field point. The correspondence is made here using the tangent of the angle of the illumination ray, which at the same
time is the ratio of the distance of the position of the illumination ray in the exit pupil from the exit pupil centre to the exit
pupil distance from the object field plane. Since this involves a one-to-one correspondence between distances of positions
in the exit pupil relative to the centre of the exit pupil and the angle in the object field plane via the tangent function, an
alternative definition of the exit pupil using the angles in the object field plane is to be taken as valid in the scope of this
application in addition to the classical definition of the exit pupil in optics textbooks. The exit pupil of an object field point
in the scope of this application is the angle range or angle space of the object field point in the object plane, which is
limited by the aperture-limited stop of the illumination optics and within which the object field point can receive light from
the illumination optics. This definition of the exit pupil in the scope of this application has the advantage that the angle
range or angle space of the object field point in the object plane, within which the object field point can receive light from
the illumination optics, is more readily accessible for technical measurement purposes than the virtual or real image of
the aperture-limited stop at infinity.
[0013] As an alternative, instead of in the form of an angle range or an angle space in the object plane, the exit pupil
may also be described as a Fourier transform thereof in the form of a pupil plane of so-called Fourier optics. Such Fourier
optics could for example be part of a measuring instrument for analysing exit pupils, which is introduced into the object
plane of the illumination optics. By the Fourier relation between the object and pupil planes of the Fourier optics, a height
of a point of the pupil plane of the Fourier optics measured against the optical axis in the pupil plane is thereby associated
with a sine of an illumination angle measured against the optical axis in the object plane.
[0014] The structuring of an exit pupil, or equivalently the intensity distribution in an exit pupil, may therefore be
described either as an intensity distribution over the image plane of the virtual or real image of the aperture-limited stop,
or as an intensity distribution over the surface in a pupil plane of Fourier optics, or as an intensity distribution over angle
ranges or over the angle space in a position/image or field plane.
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[0015] In general, illumination optics for a projection exposure apparatus for microlithography have a telecentric beam
path in the object or reticle plane with less than 50 mrad deviation from the telecentricity condition. Such an approximation
to a telecentric beam path in the reticle plane is advantageous for the tolerances with which the reticle must be positioned
along the optical axis for optimal imaging. In perfect telecentric illumination optics with telecentricity values of 0 mrad,
the virtual or real images of the aperture-limited stop as exit pupils of the illumination system lie at infinity, and the exit
pupils of all field points therefore coincide with one another. The angle ranges of the object field points as exit pupils in
the scope of this application, in which the object field points can receive light from the illumination optics, likewise coincide.
[0016] With a small telecentricity profile of less than 50 mrad over the object field in the object or reticle plane, the
virtual or real images of the aperture-limited stop as exit pupils are mutually decentred at a very large distance from the
illumination optics. Moreover, the angle ranges of the object field points as exit pupils in the scope of this application
are mutually tilted in the object plane. For this reason, and for the reason that other imaging errors of the illumination
optics may lead to further differences in the exit pupils of the object field points, a general exit pupil of illumination optics
for a projection exposure apparatus will not be considered in the scope of this application, rather distinction will be made
according to the individual exit pupils of the object field points and the respective intensity distribution in the individual
exit pupils of the object field points. In the ideal case, as already mentioned, these exit pupils may also coincide.
[0017] In the pupil planes of Fourier optics or Fourier planes conjugated therewith, for example in the pupil planes
inside illumination optics or in the pupil planes of measuring optics for analysing pupils, it is possible either to influence
an intensity distribution in the relevant plane or measure it there. In this case, these planes need not necessarily be
planes in the sense of the word "planar", rather they may also be curved in up to two spatial directions. It is likewise
possible in the object/image or field planes, or Fourier planes conjugated therewith, either to influence an intensity
distribution over the angles in the relevant plane or measure it there. Here again, the generalisation mentioned for the
pupil planes applies to the term "plane".
[0018] As a measure of a deviation of a desired intensity distribution from an intensity distribution of an exit pupil of
an object field point, produced in a projection exposure apparatus, inter alia it is feasible to use the difference of the
centroid angle value sin (β) of the two intensity distributions relative to the greatest marginal angle value sin(γ) of the
associated exit pupil. Angle values in the scope of this application are intended to mean the sine, sin(x), of the corre-
sponding angle x. The marginal angle value is therefore intended to mean the sine of the angle at which a marginal point
of the exit pupil is seen from the object field point with respect to the optical axis or an axis parallel thereto. With the
alternative definition of the exit pupil as an angle range of an object field point, within which the object field point can
receive light from the illumination optics, the marginal angle value is the sine of a marginal or limiting angle of the angle
range which applies as an exit pupil here. The greatest marginal angle value sin(γ) is the greatest-magnitude angle value
of all marginal angles of all marginal points of the exit pupil, or the greatest-magnitude angle value of all marginal angles
of the angle range which applies as an exit pupil here. The centroid angle value sin(β) is the sine of the centroid angle
β of an intensity distribution in the exit pupil, and this in turn is the angle of the direction in which the centroid of the
intensity distribution in the exit pupil is perceived from an object field point.
[0019] The direction, in which the centroid of the intensity distribution in the exit pupil is perceived, is often also referred
to as the central ray direction. The centroid angle value, or the sine of the central ray angle, is at the same time the
measure of the telecentricity of the exit pupil for a given intensity distribution.
[0020] In the case of telecentricity, distinction is often also made between geometrical and energetic telecentricity (see
below). In the case of geometrical telecentricity, furthermore, distinction is made between the principal ray telecentricity
(see below) and the geometrical telecentricity with uniform rotationally symmetric filling of the exit pupil. The latter is
equivalent in meaning to the centroid angle value, or the sine of the central ray angle, in the case of uniform rotationally
symmetric filling of the exit pupil with light up to a limiting angle value, which can vary between zero and the greatest
marginal angle value.
[0021] With essentially uniform rotationally symmetric filling of the exit pupil with light, i.e. an essentially uniform
rotationally symmetric intensity distribution in the exit pupil, so-called σ settings or partially coherent settings are also
referred to. In the specialist literature, the outer σ of a setting is intended to mean the ratio of the sine of that angle to
the sine of the greatest marginal angle, at which the light-filled region in the exit pupil ends abruptly. With this definition
of the outer σ of a setting, however, the conditions in real illumination optics are neglected, in particular the existence
of imaging errors, ghost images and scattered light. An abrupt transition of bright and dark regions in the exit pupil can
be produced only approximately by using stops in a pupil plane of the illumination optics, since the imaging errors, the
ghost images and the scattered light can then for the most part be neglected. The use of stops in the pupil planes of the
illumination optics to produce settings, however, necessarily leads to light losses and therefore to a reduction in the
throughput of substrates or wafers to be exposed. In the scope of this application, the proposed definition of the outer
σ of a setting is to apply only for illumination optics for projection exposure apparatus which produce a desired setting
by means of stops. For all other illumination optics, contrary to the textbook definition of the outer σ of a setting as
explained above, for the reasons explained above the outer σ is to be the ratio of the sine of that angle to the sine of
the greatest marginal angle within which 90% of the total intensity of the exit pupil lies. For all other illumination optics,
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the following therefore applies: 

[0022] In general, owing to the imaging errors of the illumination optics, different values which may lie between zero
and a few mrad are found for the telecentricity with different σ settings and for the principal ray telecentricity for a given
object field point.
[0023] The principal ray telecentricity of an object field point is intended to mean the angle of the principal ray relative
to the optical axis or an axis parallel thereto at the position of the object field point. The principal ray is in this case that
ray which comes from the geometrical centre of the exit pupil as seen from the object field point.
[0024] Likewise, different values are generally obtained for the telecentricity values with annular settings and for the
principal ray telecentricity for a given object field point. An annular setting involves an intensity distribution in the exit
pupil which has not only an outer σ for delimitation of the light in the exit pupil, but also an inner σ. The inner σ of a
setting describes the extent of central shadowing or obscuration in the exit pupil. In the specialist literature, the inner σ
of a setting is intended to mean the ratio of the sine of that angle to the sine of the greatest marginal angle, at which the
central shadowing or obscuration in the exit pupil ends abruptly. For the same reasons as explained above in respect
of the outer σ, this definition of the inner σ of a setting is very suitable for illumination optics in which the settings are
produced by stops in the pupil planes. For the inner σ of a setting for all other illumination optics, contrary to this definition,
in the scope of this application, the inner σ of a setting is to be taken as the ratio of the sine of that angle to the sine of
the greatest marginal angle within which 10% of the total intensity of the exit pupil lies. For all other illumination optics,
the following therefore applies: inner σ = angle value (10% intensity) / sin(γ).
[0025] The energetic telecentricity on the other hand results from different parts of the exit pupil having different
intensity values, or from different parts of the exit pupil being differently distorted by the imaging errors of the illumination
optics, or better expressed being distortedly imaged.
[0026] Since the telecentricity is not a unique quantity owing to the different ways of considering it, in the scope of this
application the centroid angle value will be used as a unique comparative quantity, i.e. the sine of the centroid angle or
of the central ray angle. This quantity comprises both energetic and geometrical causes of the central ray angle of the
intensity distribution in the exit pupils, and in the end also represents that quantity which describes the effect of the
centroid angle or the central ray angle overall on the imaging process of the mask imaging.
[0027] A further measure of a deviation of a desired intensity distribution from an intensity distribution of an exit pupil
of a object field point, produced in a projection exposure apparatus, is the difference in ellipticity between the desired
intensity distribution and the achieved intensity distribution.
[0028] In order to calculate the ellipticity of an intensity distribution of an exit pupil, the latter is subdivided into four
quadrants. Here, there are two conventional options for arranging the quadrants with respect to the coordinate system
in the object field plane with an x direction and a y direction. In the first arrangement of the quadrants, the exit pupil is
divided by one line in the x direction and one line in the y direction. This division is referred to as xy division.
[0029] In the second arrangement, the lines extend at 45° to the xy coordinate system. The latter division of the exit
pupil is named HV division, since the quadrants lie in horizontal (H) and vertical (V) directions with respect to the object field.
[0030] An ellipticity of an intensity distribution in an exit pupil is now intended to mean the magnitude value, multiplied
by one hundred per cent, of the difference between the sum of the intensities in the two H quadrants of the exit pupil
and the sum of the intensities in the two V quadrants of the exit pupil, normalised to the sum of the two sums. The
ellipticity for an XY division of the exit pupil is defined similarly.
[0031] A further measure of a deviation of a desired intensity distribution from an intensity distribution of an exit pupil
of an object field point, produced in a projection exposure apparatus, is the difference in the pole balance between the
desired intensity distribution and the achieved intensity distribution. In order to calculate the pole balance of an intensity
distribution of an exit pupil, according to the number of poles or regions with intensity in the exit pupil, the latter is
correspondingly subdivided into equally large sections radially symmetrically about the optical axis. This means that for
a dipole setting having two regions with intensity lying opposite one another in the exit pupil, the exit pupil is divided into
two halves as sections. For a quadrupole setting having four regions with intensity in the exit pupil, the exit pupil is divided
into four quadrants as sections. Similarly for n-pole settings having n regions with intensity in the exit pupil, the exit pupil
is divided into n sections. A pole balance of an intensity distribution in an exit pupil is now intended to mean the value,
multiplied by one hundred per cent, of the difference between the maximum intensity of a section of the exit pupil and
the minimum intensity of a section of the exit pupil, normalised to the sum of the intensities from the two sections.
[0032] Temporal and/or spatial fluctuations of a light source in the scope of this application are intended to mean inter
alia temporal and/or spatial changes in the following properties of an illumination ray bundle output by the light source:
position of the illumination ray bundle perpendicularly to the optical axis between the light source and the illumination



EP 2 238 515 B1

6

5

10

15

20

25

30

35

40

45

50

55

optics, position of parts of the illumination ray bundle relative to the rest of the illumination ray bundle perpendicularly
to the optical axis between the light source and the illumination optics, direction of the illumination ray bundle, direction
of parts of the illumination ray bundle relative to the direction of the rest of the illumination ray bundle, intensity and
polarisation of the illumination ray bundle, intensity and polarisation of parts of the illumination ray bundle relative to the
intensity and polarisation of the rest of the illumination ray bundle, and any combination of the said properties.
[0033] Light sources with wavelengths of between 365 nm and 3 nm may be envisaged as light sources for a projection
exposure apparatus for microlithography, in particular highpressure mercury vapour lamps, lasers, for example excimer
lasers, for example ArF2, KrF2 lasers or EUV light sources. In the case of excimer lasers as the light source with a typical
wavelengths of 248 nm, 193 nm, 157 nm and 126 nm in the scope of this application, inter alia changes in the mode
number and mode composition of the laser modes of the laser pulses of the light source are also to be understood as
temporal and/or spatial fluctuations of the light source.
[0034] Temporally stabilised illumination of the multi-mirror array (MMA) in the scope of this application is intended to
mean a spatial intensity distribution of the illumination ray bundle in the plane of the multi-mirror array (MMA), or on the
multi-mirror array (MMA), which changes with time as a moving ensemble average (see below) or as a moving time
average (see below) in its spatial distribution only by less than 25 per cent, in particular less than 10 per cent, expressed
in terms of the average or averaged spatial distribution of all ensemble averages or time averages. The moving ensemble
average is in this case a moving average value over an ensemble of light pulses of a pulsating light source (see below).
The moving time average is correspondingly a moving average value over a particular exposure time of a continuous
light source (see below).
[0035] The integral intensity of the intensity distribution, or illumination, over the multi-mirror array (MMA) may in this
case very well change very greatly as a function of time, for example from light pulse to light pulse, but not the spatial
distribution of the illumination over the multi-mirror array (MMA) as a moving ensemble average or as a moving time
average. Furthermore, the average or averaged integral intensity of the intensity distribution over the multi-mirror array
(MMA) as a moving ensemble average or as a moving time average also should not change greatly, since the dose of
an image field point of the projection exposure apparatus would thereby change greatly, which as a rule is undesirable
for the exposure.
[0036] A moving ensemble average is intended to mean the moving average value of a quantity over an ensemble of
a number n of successively occurring light pulses. Here, moving means that the first light pulse of the ensemble of n
successively occurring light pulses is an arbitrary light pulse of the light source, and therefore that the ensemble average
moves in time with the first light pulse of the ensemble. The situation is similar with the moving time average over a
particular exposure time of a continuous light source, where the moving average value of a quantity over a particular
exposure time moves in time with the starting instant of the exposure time to be considered.
[0037] The number n of light pulses of the ensemble, or the particular exposure time, is determined according to how
many light pulses or what exposure time is or are required for the exposure of an image field point of the workpiece to
be exposed. Depending on the projection exposure apparatus, ranging from projection exposure apparatus for so-called
maskless lithography, through so-called scanners to so-called steppers, the ensemble may therefore amount to between
one light pulse and several hundred light pulses, or corresponding exposure times.
[0038] Both the structuring of an exit pupil or the intensity distribution in an exit pupil, and the centroid angle value,
the ellipticity, the pole balance, the outer and inner σ of an exit pupil of an object field point of a projection exposure
apparatus are to be understood in the scope of this application inter alia as further moving ensemble average values or
moving time average values. This is because only these moving ensemble average values or moving time average
values of a quantity are relevant overall for the exposure of an image field point, since only this overall characterises or
describes the illumination or imaging conditions prevailing during the exposure process with the necessary light pulses
of the ensemble or the necessary exposure time.
[0039] According to the invention, a rapid change between annular settings which differ only slightly in the outer and/or
inner σ, by means of a projection exposure apparatus having a multi-mirror array (MMA), can be produced particularly
well when temporal stabilisation of the annular settings relative to the temporal and/or spatial fluctuations of the light
source is provided in the form of temporal stabilisation of the illumination of the multi-mirror array (MMA).
[0040] According to the invention, it has been discovered that temporal stabilisation of the illumination of a multi-mirror
array (MMA) of a projection exposure apparatus having fewer than 80,000 mirrors is advantageous for replicating the
light mixing properties of a DOE. It is therefore possible for a change, intended by the user of the projection exposure
apparatus, between two annular settings differing only slightly in the outer and/or inner σ for the exposure process to
be carried out reproducibly with high accuracy, without large fluctuations and with the least possible deviations relative
to the desired structuring in the form of the annular settings. The user of the projection exposure apparatus according
to the invention can therefore change rapidly as well as accurately, temporally stably and reproducibly between two
annular settings or desired intensity distributions in the exit pupils, which differ only slightly in the outer and/or inner σ.
[0041] Further advantages and features of the invention may be found in the dependent claims relating to the proposed
projection exposure apparatus according to the invention, and in the description of the exemplary embodiments of the
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invention with the aid of the drawings.
[0042] The Inventors have discovered that a rapid change between two annular settings which differ only slightly in
the outer and/or inner σ, can more easily be achieved with high accuracy, temporally stably and reproducibly by a
projection exposure apparatus having a multi-mirror array (MMA), so long as a multi-mirror array (MMA) having more
than 40,000 mirrors with an edge length of less than 100 mm and a maximum tilt angle of more than 4° is available for
this with a wavelength of for example 193 nm. This is because the structuring of the exit pupil can then be composed
very finely by spots of the individual mirrors and the projection exposure apparatus can be accommodated in an installation
space acceptable to the user, as the following considerations will show.
[0043] In particular, however, the following considerations also and above all give handling instructions for multi-mirror
arrays (MMA) having fewer than 40,000 mirrors and/or maximum mirror tilt angles of less than 4°.
[0044] The spot of diameter of an individual mirror of the multi-mirror array (MMA) is given, for ideal Fourier optics
between the field plane of the multi-mirror array (MMA) and the pupil plane of the Fourier optics, in this plane by the
product of the focal length of the Fourier optics and the full divergence angle of that part of the illumination ray bundle
which leaves the individual mirror. On the other hand, the radius of the pupil in the pupil plane is given by the product
of the focal length of the Fourier optics and the maximum tilt angle of an individual mirror. It follows from this that the
ratio of the maximum tilt angle of an individual mirror to the full divergence angle of the part of the illumination ray bundle
after the individual mirror is suitable as a measure of the resolution or graduation in the pupil plane. A low divergence
angle and a high maximum tilt angle therefore ensure high resolution in the pupil, as is necessary for changing between
annular settings with only a small difference in the outer or inner σ. A low divergence angle as a first possible way of
increasing the resolution in the pupil, however, also ensures small spots in the pupil and therefore necessarily also little
mixing of the light of the spots in the pupil. The effect of this is that the structuring of the exit pupil depends on the
temporal and/or spatial fluctuations of the light source, cf. the discussion above of the light mixing properties of a DOE.
[0045] A multi-mirror array (MMA) having a large number of mirrors in excess of 40,000 can with a very low divergence
angle ensure that a region of an exit pupil is illuminated by many mirrors, so as to achieve averaging over these mirrors
and therefore decoupling from the temporal and/or spatial fluctuations of the light source. Such a multi-mirror array
(MMA) for a projection exposure apparatus for microlithography having about 40,000 mirrors can currently be imple-
mented technologically only with great difficulty. Furthermore, multi-mirror arrays (MMA) having high values for the
maximum tilt angle in excess of 4° are a further possible way of increasing the resolution in the pupil. Such multi-mirror
arrays (MMA) likewise can currently be implemented technologically only with great difficulty.
[0046] Besides the resolution in the pupil, the size of the pupil is also a constraint which should be taken into account.
[0047] In a pupil plane of illumination optics, there is generally a field defining element (FDE) with intrinsic light mixing
or a refractive optical element (ROE) with subsequent light mixing in a subsequent field plane. The light mixing serves
in both cases to generate homogeneous illumination of the object field of the illumination optics. The functional config-
uration of these elements in the pupil plane requires a certain minimum size of the pupil. The size of the pupil in the
pupil plane is determined by the maximum tilt angle and by the focal length of the Fourier optics between the multi-mirror
array (MMA) and the pupil plane. If the maximum tilt angle cannot be increased further, it is therefore possible for example
to increase the focal length of the Fourier optics. But since twice the focal length of the Fourier optics also defines the
distance of the multi-mirror array (MMA) from the subsequent pupil plane, technical installation space limits are conven-
tionally placed on any arbitrary increase of the focal length.
[0048] Besides the resolution in the pupil and the size of the pupil, the light loss in the illumination optics and the
extraneous light in the pupil are also constraints which should be taken into account. The light loss in the illumination
optics leads to a reduction in the throughput of substrates or wafers of a projection exposure apparatus. The extraneous
light in the pupil, for example caused by scattered light or ghost images, leads in the worst case to certain desired
structurings of the exit pupil not being achievable. As a rule, the extraneous light in the pupil will also lead to a change
not being possible between annular settings which differ only slightly in the outer or inner σ, since fine resolution in the
pupil will be prevented by the extraneous light. If light loss and extraneous light are to be avoided in illumination optics
having a multi-mirror array (MMA), then it is necessary to take into account that there are lower limits for the minimum
edge length of a mirror of a multi-mirror array (MMA) owing to diffraction effects, and therefore as a function of the
wavelength λ of the illumination light of the projection exposure apparatus.
[0049] Besides the aforementioned constraints, the costs of illumination optics should be taken into account as a
further constraint. It follows from this that a multi-mirror array (MMA), and therefore the area of the individual mirror of
the multi-mirror array (MMA), also cannot be made arbitrarily large since the area of the multi-mirror array (MMA) together
with the maximum tilt angle determine the geometrical flux, which is responsible for the diameter and therefore for the
costs of the subsequent optics. Furthermore, the size of the object field of the illumination optics is thereby likewise co-
determined for a given numerical aperture NA.
[0050] The Inventors have discovered that under certain circumstances it is favourable to condition, prepare or modify
the size of the illumination and/or the divergence angle and/or the polarisation state of the illumination ray bundle when
it arrives on the multi-mirror array (MMA), so that a rapid change of the structuring of exit pupils of object field points



EP 2 238 515 B1

8

5

10

15

20

25

30

35

40

45

50

55

can be carried out between two annular settings or desired intensity distributions in the exit pupils, which differ only
slightly in the outer and/or inner σ. This is advantageous in particular when changing between two annular settings which
differ greatly in the size of the intensity distribution in the exit pupils. Here, under certain circumstances, for one of the
two settings it is more favourable to select a different number of mirrors of the multi-mirror array (MMA) and/or a different
divergence angle of the illumination ray bundle, see the above discussion about the effect of the number of mirrors on
the stabilisation of an intensity distribution in the exit pupils and about the effect of the full divergence angle of a part of
the illumination ray bundle after a mirror on the resolution in the exit pupil. Likewise, for the imaging properties of one
of the two settings, it may be favourable to change the polarisation state. This is also commensurately more likely when
the two annular settings differ more greatly in the size of the intensity distribution in the exit pupils.
[0051] In one embodiment the optical system, which is configured to produce a temporal modification of the incoherent
superposition, comprises a mirror, which has a mirror surface, and an actuator which is configured to produce a tilt of
at least a portion of the mirror surface. By tilting at least a portion of the mirror surface illumination ray bundles are tilted
as well and obliquely impinge on the optical integrator. This results in a lateral shift of the intensity distribution produced
on the subsequent multi-mirror array. If the optical integrator comprises two channel plates of a honeycomb condenser,
it is possible to change the surface area on the channels of the second plate illuminated by illumination ray sub-bundles.
This may prevent damages in the second channel plate which otherwise may be caused by too high intensities which
occur if the first channel plate focuses the illumination ray sub-bundles on the second channel plate.
[0052] The concept of directing ray bundles onto channels (i.e. microlenses) of an optical integrator with temporarily
varying angles of incidence may also be used if the superposition of incoherent illumination ray bundles is of no concern.
Also in this case this concept avoids damages in a honeycomb optical integrator comprising two plates each including
a plurality of microlenses.
[0053] A tilt of at least a portion of the mirror surface may be produced with the help of actuators that bend the mirror
surface. In a preferred embodiment the actuator is configured to produce rotary oscillations of the mirror around a rotary
axis, which is inclined to the optical axis by an angle distinct from 0°, preferably by an angle of 90°. By controlling the
amplitude of the rotary oscillations, it is possibly to adapt the tilt of the mirror surface, which is produced by the rotary
oscillations, to the specific needs which may change during the operation of the apparatus. For example, the divergence
of the illumination ray sub-bundles has a strong effect on the size of the illuminated area on the channels of the second
channel plate. If this divergence varies as a result of various influences, for example changing optical properties of optical
elements as a result of heating effects, the amplitudes of the rotary oscillations may be adapted to the changing needs.
[0054] If the mirror shall be optically conjugated to the micro-mirror array, an arrangement may be preferred in which
the mirror and the micro-mirror array are arranged in parallel planes. In this respect it may be advantageous if the optical
system comprises a polarization dependent beam splitting surface and a polarization manipulator which is arranged
between the beam splitting surface and the mirror. Then it is possible to use the polarization dependent beam splitting
surface as a folding mirror which is transparent for light which has been reflected from the mirror and has passed twice
through the polarization manipulator.
[0055] Advantages of these subject-matters may be found from the advantages indicated above in connection with
the projection exposure apparatus, the illumination optics, the multi-mirror array (MMA), the optical system and the
optical conditioning unit, and in the description of the exemplary embodiments with the aid of the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0056] Various features and advantages of the present invention may be more readily understood with reference to
the following detailed description taken in conjunction with the accompanying drawing in which:

Fig. 1 schematically shows a projection exposure apparatus for microlithography having illumination optics
with a rod as an integrator as prior art;

Fig. 2 schematically shows a projection exposure apparatus for microlithography having illumination optics
with an FDE as an integrator as prior art;

Fig. 3 schematically shows a pupil forming unit having a multi-mirror array (MMA) according to the invention;

Fig. 4 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA)
according to the invention;

Fig. 5 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
an intensity distribution over the multi-mirror array according to the invention;
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Fig. 6 schematically shows an optical system according to the invention for stabilising the illumination of a
multi-mirror array (MMA) with a periodic phase element according to the invention;

Fig. 7 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a phase element having a random phase profile;

Fig. 8 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a rotating phase element according to the invention;

Fig. 9 schematically shows a beam path of an illumination ray bundle as far as the first pupil plane after the
pupil forming unit;

Fig. 10 schematically shows a beam path of an illumination ray bundle as far as the first pupil plane after the
pupil forming unit with a lens array;

Fig. 11 schematically shows a conditioning unit for conditioning the illumination of a multi-mirror array (MMA)
with a mixing and/or scattering element;

Fig. 12 schematically shows a conditioning unit for conditioning the illumination of a multi-mirror array (MMA)
with a mixing and/or scattering element and a symmetrising unit;

Fig. 13 schematically shows a symmetrising unit for a conditioning unit;

Fig. 14 schematically shows a conditioning unit for conditioning the illumination of a multi-mirror array (MMA)
with a mixing and/or scattering element and a symmetrising unit and a stop;

Fig. 15 schematically shows a phase element for a conditioning unit;

Fig. 16 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a honeycomb condenser as an integrator and tele- or relay optics;

Fig. 17 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a rod or a light guide as an integrator and tele- or relay optics;

Fig. 18 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a plate mixer condenser as an integrator and tele- or relay optics;

Fig. 19 schematically shows an optical system for stabilising the illumination of a multi-mirror array (MMA) with
a cube mixer as an optical conditioning unit, which simultaneously serves as a simple integrator and
tele- or relay optics;

Fig. 20 schematically shows a meridional section through an optical system for stabilizing the illumination of
a multi-mirror array, comprising a mirror which is capable of performing rotary oscillations;

Figs. 21 to 23 schematically show the illumination of a honeycomb condenser comprising two channel plates at three
different instants, at which illumination ray sub-bundles impinge under different angles of incidence on
the first channel plate;

Fig. 24 schematically shows a cross-section through a mixing element in which evanescent waves propagate
between two rods spaced apart by a small distance; Fig. 25 schematically shows a mixing unit com-
prising a plurality of mixing elements as shown in Fig. 24;

Fig. 26 schematically shows a mixing element in which two rods are spaced apart by a thin layer of water or
another dielectric medium;

Fig. 27 schematically shows a mixing element comprising a slab similar to a Lummer-Gehrke plate.
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DESCRIPTION OF PREFERRED EMBODIMENTS

[0057] Fig. 1 schematically shows an example of a prior art projection exposure apparatus for microlithography. A
light source 1 generates an illumination ray bundle 12 whose cross section is changed in beam expansion optics 14.
The illumination ray bundle 12 then impinges on a diffractive optical element 3a (DOE). The diffractive optical element
3a is arranged in a field plane of the illumination optics and generates an illumination angle distribution according to
diffractive structures that are contained in the diffractive optical element 3a. Then, with the illumination angle distribution
imposed by the diffractive optical element, the illumination ray bundle 12 passes through the optical module 2 and a
subsequent pupil plane. This pupil plane (not indicated in Fig. 1) is arranged in the vicinity of a refractive optical element
3b. For further modifying the illumination ray bundle 12, the optical module 2 comprises a zoom system schematically
represented by a axially displacable lens 22 and a pair of axicon elements 21. By retracting the axicon elements 21 from
one another, it is possible to adjust the inner σ of a setting, or the borders of the cross section of the illumination ray
bundle of an illumination setting. On the other hand, by changing the focal length of the zoom system, which involves a
displacement of at least one lens 22 along the optical axis, it is possible to adjust the outer σ of an illumination setting,
or generally the outer border of the illumination ray bundle cross section. By suitable configuration of the diffractive
optical element 3a and by suitable selection of the position of the axicon elements 21 and of the zoom lens 22, it is
possible to generate almost any desired intensity distribution at the output of the optical module 2, namely in the pupil
plane arranged in the vicinity of the refractive optical element 3b.
[0058] The refractive optical element 3b imposes a field angle distribution on this intensity distribution of the illumination
ray bundle 12 in the pupil plane, in order to obtain a desired field shape in a field plane, for example a rectangular field
shape with an aspect ratio of 10:1. This field angle distribution of the illumination ray bundle 12 in the pupil plane is
transferred by the subsequent field lens optics 4 into an illumination field 5e at the input of a rod 5. The illuminated field
5e at the input of the rod 5 lies in a field plane of the illumination optics and has an illumination angle distribution with a
maximum illumination angle value which as a rule, but not necessarily, corresponds to the numerical aperture of the
preceding field lens optics 4. In contrast to the field at the diffractive element 3a, the field 5e has the full geometrical flux
of the illumination optics. This geometrical flux is the result of a twofold introduction of geometrical fluxes. First, geometrical
flux for the pupil is introduced by the diffractive optical element 3a in order to adjust the illumination angle distribution in
a subsequent field plane. In a second step, geometrical flux for the field is introduced by the refractive optical element
3b in order to adjust the illuminated field shape in the subsequent field plane, so that the full geometrical flux of the
illumination optics is available subsequent to the optical element 3b.
[0059] The illuminated field 5e at the input of the rod 5 is transferred by the rod 5 to the output of the rod into a field
5a. The maximum illumination angles in the field 5a of the rod output correspond to those in the field 5e of the rod input.
Multiple total reflections at the rod walls of the rod 5 create, at the rod exit in the exit pupils of the field points of the field
5a, secondary light sources with the field shape of the field 5e at the rod entry as the shape of each individual secondary
light source. By this kaleidoscope effect of the rod 5, the field 5a is homogenised in respect of the intensity distribution
over the field since the light of many secondary light sources is superposed in this field 5a.
[0060] A field stop 51 delimits the field 5a in its lateral extent and ensures a sharp bright-dark transition of the field. A
subsequent, so-called REMA objective 6 images the field 5a into the reticle plane 7. The bright-dark edges of the field
stop 51 are thereby transferred sharply into the object or field plane 7. This function of the sharp edge imaging of the
field stop 51 into the reticle or field plane 7, also referred to as "reticle masking", leads to the name REMA (REticleMAsking)
of this objective. The REMA objective 6 consists for example of a condenser group 61, a pupil region in the vicinity of a
pupil plane 62, a pupil lens group 63, a deviating mirror 64 and a subsequent field lens group 65.
[0061] In the pupil region 62 of the REMA objective, for example, a wide variety of manipulations of the pupil may be
carried out, particularly with regard to transmission or polarisation. The REMA objective 6 ensures imaging of the field
5a with the sharp field edges of the field stop 51 into the reticle plane (i.e. field plane 7). The illumination angle distribution
of the field 5a is thereby also transferred into a corresponding illumination angle distribution in the field plane 7. Each
object field point of the illumination field in the reticle plane (i.e. field plane 7) therefore obtains its illumination angle
distribution, or its exit pupil.
[0062] In general, a REMA objective 6 illuminates the reticle or field plane 7 telecentrically, i.e. the illumination angle
distribution of every object field point is symmetrical about the optical axis or an axis parallel thereto. The backward
geometrical extension of the illumination light rays at an object field point of the field plane 7, in the direction of the
illumination optics or light source 1, gives at infinity the virtual exit pupil of the illumination optics for this object field point.
The forward projection of the illumination angle distribution of an object field point in the object field plane 7, in the
direction of the subsequent projection optics 8, gives at infinity a real exit pupil of the illumination optics for this object
field point being considered. The virtual or real exit pupil of the illumination optics is a direct consequence in the case
of a telecentric beam path of the illumination optics in the field plane 7. The height of a point in the exit pupil relative to
the centre of the exit pupil of an object field point is in this case given by the tangent of the illumination ray angle of this
object field point multiplied by the distance of the exit pupil.
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[0063] The object field plane 7 represents the dividing plane between illumination optics and projection optics, for
example a projection objective 8, of a projection exposure apparatus. The illumination optics have the task of homoge-
neously illuminating a field delimited with sharp edges, and thereby producing a desired illumination angle distribution
or exit pupil of an object field point according to the specifications.
[0064] In the scope of this application, the production of an illumination angle distribution of an object field point is
equivalent in meaning here to producing an intensity distribution in the exit pupil of this object field point, since a particular
illumination angle of an object field point is related via the tangent conditions to the corresponding position in the exit pupil.
[0065] Reticles or masks for chip production are introduced into the object field plane 7. These masks are illuminated
by means of the illumination ray bundle 12 produced by the illumination optics. The projection objective 8 images the
illuminated mask into a further field plane, the image field plane 10. There a substrate 9 is arranged which supports a
photosensitive layer on its upper side. The mask structures are transferred by the projection objective 8 into corresponding
exposed regions of the photosensitive layer. Generally speaking, there are two different types of projection exposure
apparatus in this case, the so-called stepper in which the entire mask field is transferred onto the photosensitive substrate
9 in one exposure step, and the so-called scanner in which only parts of the mask are transferred onto parts of the
substrate 9 in an exposure step, the mask and the substrate in this case correspondingly being moved in a synchronised
fashion in order to transfer the entire mask.
[0066] After the exposure process step, the exposed substrate 9 is subjected to subsequent process steps, for example
etching. As a rule, the substrate 9 subsequently receives a new photosensitive layer and is subjected to a new exposure
process step. These process steps are repeated until the finished microchip, or the finished microstructured component,
is obtained.
[0067] Fig. 2 schematically shows another example of a prior art projection exposure apparatus for microlithography.
The elements in Fig. 2 which correspond to those in Fig. 1 are denoted by the same reference numerals.
[0068] The projection exposure apparatus in Fig. 2 differs from the projection exposure apparatus in Fig. 1 merely in
the illumination optics. The illumination optics in Fig. 2 differ from the illumination optics in Fig. 1 in that the rod 5 for
generating secondary light sources is absent. Furthermore, the illumination optics in Fig. 2 differ in that a field defining
element 3c (FDE) ensures not only generation of the required field angles in the pupil plane but also, through construction
as a two-stage honeycomb condenser, generation of the secondary light sources. The field defining element 3c in Fig.
2 therefore comprises both the functionality of the refractive optical element (ROE) 3b in Fig. 1 and the functionality of
the rod 5 in Fig. 1. The field defining element 3c, configured as a two-stage honeycomb condenser, on the one hand
introduces the necessary field angle in the pupil plane and on the other hand generates the secondary light sources in
the pupil plane. A corresponding field shape, with a desired homogenised intensity distribution over the field, is therefore
generated in the subsequent field planes of the illumination optics by the superposition of light of the secondary light
sources.
[0069] Fig. 3 schematically shows a pupil forming unit usable with the invention for illumination optics for a lithographic
projection exposure apparatus, as is represented for example in Fig. 1 or 2. Here, the pupil forming unit in Fig. 3 serves
as a replacement for the pupil forming unit 2 of this projection exposure apparatus according to Figs 1 or 2. Use of the
pupil forming unit of Fig. 3 is however not limited to these projection exposure apparatus as represented in Fig. 1 or 2.
[0070] The pupil forming unit of Fig. 3 ends in the pupil plane 44, which is arranged, in the embodiment shown in Fig.
1, in the vicinity of the refractive optical element 3b, and, in the embodiment shown in Fig. 2, in the vicinity of the field
defining element 3c. Instead of the diffractive optical element 3a of Figs. 1 and 2, a multi-mirror array (MMA) 38 produces
an illumination angle distribution which is superposed in the pupil plane 44 to form an intensity distribution in this pupil
plane. This intensity distribution of the pupil planes 44 corresponds to the intensity distribution in the exit pupil, or the
illumination angle distribution of an object field point, so long as ideal Fourier optics are assumed.
[0071] An illumination ray bundle 12 coming from a light source and deviated by a plane folding mirror 30 is decomposed
by a honeycomb condenser 32 into individual illumination ray sub-bundles and subsequently guided by relay optics 34,
or a condenser 34, onto a lens array 36. This lens array 36 concentrates the illumination ray sub-bundles onto the
individual mirrors of the multi-mirror array 38. The individual mirrors of the multi-mirror array 38 can be tilted differently,
i.e. at least some of the mirrors of the multi-mirror array are rotatable about at least one axis in order to modify an angle
of incidence of the associated illumination ray sub-bundle, so that different intensity distributions can be adjusted in the
pupil plane 44. The illumination ray sub-bundles coming from the mirrors of the multi-mirror array 38 pass through a
subsequent scattering disc 40 and condenser optics 42 so that they intersect, now preferably with parallel principal rays,
the pupil plane 44.
[0072] Fig. 4 shows the section of Fig. 3 between the plane folding mirror 30 and the multi-mirror array 38 schematically
and on an enlarged scale. In this illustration the optional lens array 36 between the condenser optics 34 and the multi-mirror
array 38 is not shown. Fig. 4 shows an illumination ray sub-bundle of the illumination ray bundle 12 as it passes through
the honeycomb condenser 32 and the condenser 34 onto the multi-mirror array 38. In this embodiment the condenser
34 forms Fourier optics having a front focal plane, in which a second honeycomb channel plate of the honeycomb
condenser 32 is arranged, and a rear focal plane, in which the multi-mirror array 38 is arranged. The ray paths of selected
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rays of the illumination ray sub-bundle are represented in the form of solid and dashed lines, and the optical axis is
represented in the form of a dot-and-dash line. The ray paths represented as solid line indicate rays which strike a first
honeycomb channel plate of the honeycomb condenser 32 at an angle which is as large as possible. The ray paths
represented in dashed form indicate rays which strike the first honeycomb channel plate of the honeycomb condenser
32 parallel to the optical axis, and therefore at an angle which is as small as possible.
[0073] The divergence of the illumination ray sub-bundle in front of the honeycomb condenser 32 is therefore given
by the full aperture angle between the ray paths of the illumination rays of the illumination ray sub-bundle in the form of
the solid line. This divergence is represented symbolically in Fig. 4 by the filled circle a. The filled area of the circle a is
intended to be a measure of the divergence of the illumination ray sub-bundle.
[0074] After the honeycomb condenser 32, it is the ray paths represented as dashed lines which determine the diver-
gence of the illumination ray sub-bundle. This divergence is in turn represented symbolically in the form of a filled circle
b. The filled circle b has a larger area than the filled circle a before the honeycomb condenser, and therefore represents
the divergence-increasing effect of a honeycomb condenser 32 on an illumination ray sub-bundle.
[0075] Fig. 5 shows how two illumination ray sub-bundles (indicated with solid and dashed lines) of the illumination
ray bundle 12 pass through two honeycomb channels of the honeycomb condenser 32 and impinge on the multi-mirror
array 38. Both ray paths of the two illumination ray sub-bundles are associated with rays which arrive parallel to the
optical axis and therefore perpendicularly on the honeycomb condenser 32. With the aid of Fig. 5, it may be seen that
the two ray paths of the two illumination ray sub-bundles are superposed on the multi-mirror array 38 by the condenser
34. This is also illustrated with the aid of the ray paths 12a and 12b from the two honeycomb channels of the honeycomb
condenser 32. The ray paths 12a and 12b are superposed at the same position on the multi-mirror array 38, even though
they come from two different honeycomb channels.
[0076] If the two illumination ray sub-bundles shown in Fig. 5 have a high mutual spatial coherence, this can lead to
periodic intensity variations on the multi-mirror array 38 when the two illumination ray sub-bundles are superposed on
the multi-mirror array 38. Exemplary variations of this kind are illustrated in Fig. 5 by a function 100. This function 100
changes periodically between a maximum and minimum value as a function of the position over the multi-mirror array 38.
[0077] Fig. 6 schematically shows an embodiment of the invention which differs from the embodiment shown in Fig.
5 in that it comprises a periodic phase element 33a which is used to avoid the spatial coherence. The upper part of Fig.
6 shows ray paths of the two illumination ray sub-bundles passing through the upper two honeycomb channels of the
honeycomb condenser 32 similar to what has been shown in Fig. 5. It is assumed that the two illumination ray sub-
bundles, which originate from an illumination ray sub-bundle 121 associated with the two upper honeycomb channels
of the honeycomb condenser 32, are mutually spatially coherent.
[0078] However, as a result of the periodic phase element 33a arranged between the two honeycomb channel plates
of the honeycomb condenser 32, the two illumination ray sub-bundles of the upper two honeycomb channels of the
honeycomb condenser 32 are mutually shifted in phase, so that, in addition to the first spatially periodic intensity distri-
bution over the multi-mirror array 38, a second spatially periodic intensity distribution over the multi-mirror array 38 is
obtained which is spatially shifted relative to the first. The function 100a shows these two mutually spatially shifted
periodic intensity distributions over the multi-mirror array 38. It may be seen clearly that the intensity as a sum of these
two periodic intensity distributions no longer varies between the maximum value and the minimum value, but instead
only between the maximum value and an average value. This means that owing to its periodic phase function, the phase
element 33a leads to a reduction in the spatial interference phenomena over the multi-mirror array 38 due to the spatial
coherence of the illumination ray sub-bundles. What has been said applies accordingly for the lower illumination ray
sub-bundle 122 from which two mutually spatially coherent illumination ray sub-bundles originate and pass through the
two lower honeycomb channels of the honeycomb condenser 32.
[0079] Fig. 7 schematically shows an alternative embodiment in which a phase element 33b having an arbitrary phase
function is arranged in front of the honeycomb condenser 32 for reducing the spatial interference phenomena in the
intensity distribution on the multi-mirror array 38. The necessary second spatial intensity distribution on the multi-mirror
array 38 is in this case produced by the two illumination ray sub-bundles passing through the lower two honeycomb
channels of the honeycomb condenser 32. These two illumination ray sub-bundles are tilted by the phase element 33b
before they enter the honeycomb condenser 32. Owing to the tilting before the honeycomb condenser 32, the two
mutually spatially coherent illumination ray sub-bundles originating from the incident illumination ray sub-bundle 122 are
shifted inside the second honeycomb condenser plate of the honeycomb condenser 32 so as to obtain a spatially shifted
second periodic intensity distribution over the multi-mirror array.
[0080] The function 100b represents the two mutually spatially shifted periodic intensity distributions on the multi-mirror
array 38. It may be seen that the total intensity as a sum of the two periodic intensity distributions now no longer varies
between a maximum value and a minimum value, but instead the intensity varies merely between a maximum value
and an averaged value. In contrast to the embodiment shown in Fig. 6, the variations of the spatial intensity distribution
on the multi-mirror array 38, which are due to the spatial coherence of the illumination ray sub-bundles, are reduced not
by two spatially coherent illumination ray sub-bundles contributing to two separate, mutually spatially shifted intensity
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distributions owing to a periodic phase element. Instead, this reduction is achieved by the two illumination ray sub-
bundles with their spatial coherence contributing to a periodic intensity distribution which is shifted by the phase element
33b relative to the periodic intensity distribution of other spatially coherent illumination ray sub-bundles.
[0081] Fig. 8 schematically shows another embodiment in which a phase element 33c reduces the effect of the spatial
coherence of illumination ray sub-bundles on the intensity distribution produced on the multi-mirror array 38. The phase
element 33c is, in this embodiment, configured as a rotatable wedge. This wedge ensures that the spatial intensity
distribution on the multi-mirror array 38 migrates to and fro as a function of time so that a time-averaged total intensity
distribution varies between a maximum value and an averaged value. The intensity distribution 100c shown in Fig. 8
represents an instantaneous picture of the spatial intensity distribution over the multi-mirror array 38 for an arbitrary
fixed position of the rotatable phase element 33c. When the phase element 33c rotates, this intensity distribution 100c
periodically moves over the mirror array 38, as it is indicated by the double arrow shown in Fig. 8. Thus the intensity
distribution on the multi-mirror array 38 is shifted as a function of time over the surface of the mirror array 38, which
results in the intensity on a mirror of the multi-mirror array being averaged out over time.
[0082] Fig. 9 schematically shows beam paths of the illumination ray bundle 12. The rays enter the honeycomb
condenser 32, are reflected from one of the individual mirrors 38s of the multi-mirror array and finally pass through the
pupil plane 44. The ray paths indicated by solid lines denote those illumination rays which pass through marginal zones
(in the optical sense) of the individual channels of the honeycomb condenser 32. The ray paths indicated by dashed
lines denote those illumination rays which pass right through the margins of the channels of the honeycomb condenser
32. The dot-and-dash line in Fig. 9 represents the optical axis.
[0083] All the rays shown in Fig. 9 emerging from the honeycomb condenser 32 pass through the condenser 34 and
fall onto one of the individual mirrors 38s of the multi-mirror array 38. After being reflected from the mirror 38s, the rays
are superposed on a surface element 44a of the pupil plane 44 with the help a further condenser 42. It is noted that the
mirror 38s is shown in Fig. 9, for the sake of simplicity, as if it was transparent. In reality the condenser 42 and the pupil
plane 44 are arranged along on optical axis which is inclined with regard to the optical axis on which the honeycomb
condenser 34 is centred.
[0084] The condenser 42, which is arranged after the multi-mirror array in the propagation direction of the illumination
ray bundle 12, is optional and may be omitted, particularly if curved mirrors 38s are used. Fig. 10 shows beam paths
similar to what has been shown in Fig. 9. In this embodiment, however, a lens array 36 is arranged between the condenser
34 and the multi-mirror array 38 comprising individual mirrors 38s. The lens array 36 ensures stronger concentration
(focusing) of the rays on the individual mirrors 38s of the multi-mirror array 38. In the embodiment shown in Fig. 10, the
rays indicated with solid and dashed lines are no longer superposed in the pupil plane 44 on a pupil element 44a by the
subsequent condenser 42, but instead are positioned adjacent to one another so that they illuminate a larger surface
element 44b in the pupil plane 44. By suitably dimensioning of the lens array 36, of a curvature of the reflecting surface
of the individual mirrors 38s and of the condenser 42, it is possible to determine the size of the surface element 44b
illuminated in the pupil plane by the individual mirror. As a result of such dimensioning, the surface element 44b illuminated
in the pupil plane 44 may also be equal to or smaller than the corresponding surface element 44a in the embodiment
shown in Fig. 9.
[0085] Fig. 11 schematically shows another embodiment. Rays if an illumination ray bundle 12 are shown which enter
a pupil forming unit and impinge on the multi-mirror array 38 of the pupil forming unit. The pupil forming unit of this
embodiment comprises a diffractive optical element 3d and a condenser or Fourier optics 34. The multi-mirror array 38
of this embodiment comprises individual mirrors 38s as shown in the detail image. The individual mirrors 38s can be
tilted about one or more axes. It is thus possible for the light rays incident on the individual mirrors 38s to be reflected
in different, adjustable emergence directions.
[0086] The diffractive optical element 3d has the task of decomposing the illumination ray bundle 12 into a large
plurality of illumination ray sub-bundles and superposing these illumination ray sub-bundles with the aid of the condenser
34 onto the individual mirrors 38s of the multi-mirror array 38, and at the same time concentrating or focusing them onto
the individual mirrors 38s. This is represented schematically in a further detail view by the regions 381 illuminated on
the respective individual mirrors 38s of the multi-mirror array 38.
[0087] Fig. 12 schematically shows an optical conditioning unit 400 which may be arranged in front of the pupil forming
unit shown in Fig. 11. The optical conditioning unit 400 receives the illumination ray bundle 12, which has a certain
intensity profile 401. At its output the optical conditioning unit 400 produces an illumination ray bundle which is symmetrical
with respect to an optical axis (not shown in Fig. 12), wherein this illumination ray bundle has intensity sub-profiles 402
and 403 above and below the optical axis, respectively. At the output of the pupil forming unit comprising the DOE 3d,
the condenser 34 and the multi-mirror array 38, according to Fig. 11, superposition of the two intensity profiles 402 and
403 takes place.
[0088] Fig. 13 schematically shows a detail of an embodiment of an optical conditioning unit 400 that is used in the
embodiment shown in Fig. 12 and produces symmetrical intensity profiles 402 and 403. The illumination ray bundle 12
with the intensity profile 401 and a linear polarisation, which is perpendicular to the plane of the drawing as indicated in
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Fig. 13 by small circle symbols, is partially transmitted through a semitransparent mirror 505. Behind the mirror 505, i.e.
at the output of the optical conditioning unit 400, the illumination ray bundle has an intensity profile 402 and is linearly
polarised with a polarization direction perpendicular to the plane of the drawing.
[0089] The other part of the illumination ray bundle 12 is reflected at the semitransparent mirror 505 while preserving
the polarisation. This reflected part is reflected again by a polarization dependent beam splitter 504 in a direction counter
to the original light direction of the illumination ray bundle 12. This part of the illumination ray bundle 12 subsequently
passes through a λ/4 plate 502, which may also be replaced by an optical rotator that rotates the polarization direction
by 45°. The state of polarisation of this part of the illumination ray bundle 12 is thereby converted into a circular polarisation
(not represented). This converted part of the illumination ray bundle 12 is subsequently reflected at the mirror 501 and
again passes through the λ/4 plate 502 on its return path. The circular polarisation of the light is thereby converted into
a linear polarisation with a polarization direction parallel to the plane of the drawing.
[0090] It is therefore possible for the remaining part of the illumination ray bundle 12 to pass through the polarizer 504
on the return path as linearly polarised light with a polarization direction being parallel to the plane of the drawing. A
subsequent λ/2 plate 503 rotates the polarisation direction of the linearly polarised light back from the orientation parallel
to the plane of the drawing to an orientation perpendicular to the plane of the drawing, so that a second intensity profile
403 with a linear polarisation perpendicular to the plane of the drawing is obtained at the output of the optical conditioning
unit 400. This intensity profile 403 has a mirror-symmetric intensity shape with respect to the intensity profile 402.
[0091] Fig. 14 shows an embodiment which differs from the embodiment shown in Fig. 12 in that an additional stop
device 600 is provided. The stop device 600 is used to delimit the illumination ray bundle 12 having the symmetrized
intensity profiles 402 and 403, so that any scattered light generated in the conditioning unit 400 can advantageously be
stopped out.
[0092] Fig. 15 schematically shows a phase element 701 which may optionally be arranged in front of the diffractive
optical element 3d of the embodiment according to one of Figs. 11, 12 and 14. The phase element 701, which may be
or comprise an aspherical lens element and/or a lens element with a freeform surface, serves to adapt the wavefront
700 of the illumination ray bundle 12. Fig. 15 shows a wavefront 700 of the illumination ray bundle 12 before it passes
through the phase element 701. Fig. 15 furthermore shows the wavefront 702 of the illumination ray bundle 12 after the
phase element 701. It may be seen clearly that the wavefront 702 after passing through the phase element 701 has, for
example, a smaller curvature than the original wavefront 700 of the illumination ray bundle 12. By suitable selection of
the phase element 701, it is therefore possible to modify the wavefront of the illumination ray bundle 12 before it enters
the illumination optics of a projection exposure apparatus for microlithography. By modifying the curvature of the wavefront
of an illumination ray bundle 12, its divergence is also changed. The phase element 701 in Fig. 15 therefore serves not
only to modify the curvature of the wavefront of an illumination ray bundle 12, but also to modify or condition the divergence
of the illumination ray bundle 12.
[0093] Fig. 16 schematically shows a pupil forming unit comprising a honeycomb condenser 32, condenser or relay
or tele-optics 34, a lens array 36 and a multi-mirror array 38. Since the honeycomb condenser 32, as shown in Fig. 4,
does not substantially increase the divergence of the illumination ray bundle, it is necessary to use a condenser or relay
optics 34 having a large focal length in order to be able to convert these low divergences into corresponding heights
relative to the optical axis on the multi-mirror array 38. For technical installation space reasons, it is therefore expedient
for this condenser or relay optics 34 having a large focal length to be folded by prisms or mirrors.
[0094] Fig. 17 schematically shows an alternative pupil forming unit in which, compared with the embodiment shown
in Fig. 16, the honeycomb condenser 32 has been replaced by a suitable rod 32a, a light-guiding optical fibre 32a or a
light-guiding fibre bundle 32a.
[0095] Fig. 18 schematically shows another embodiment of a pupil forming unit. In this embodiment the relay or
condenser optics 34 are divided into two separate relay optics 34a and 34b. In contrast to the previous embodiments,
an optical system, which is formed by "auxiliary lenses" of two thin optical plates placed mutually perpendicularly, is
used as the light mixing instrument 32b in Fig. 18. The two thin plates placed mutually perpendicularly ensure the desired
light mixing effect on the multi-mirror array 38.
[0096] In the embodiment shown in Fig. 18, an optional beam forming unit 31a ensures adaptation of the size and the
divergence of the illumination ray bundle. It is indicated by two section planes 31b perpendicular to the ray propagation
direction that elements according to the invention of the pupil forming unit and/or of the conditioning unit of the illumination
optics may also lie before the housing wall of the illumination optics, indicated by 31b.
[0097] Fig. 19 schematically shows another embodiment of a pupil forming unit. In this embodiment an optical condi-
tioning unit 32c is used to symmetrize an illumination ray bundle at the output of the conditioning unit 32c without thereby
resorting to the polarisation properties of the light for the symmetrization. A part of the illumination ray bundle is deviated
by mirrors 37a and 37b. This part of the illumination ray bundle then passes through a so-called dove prism 35. The
actual mirroring or symmetrization of the illumination ray bundle takes place inside the dove prism 35, so that at the
output of the optical conditioning unit 32c there is an illumination ray bundle which is formed by two illumination ray sub-
bundles mutually symmetrized with respect to an axis along the propagation direction of the light.
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[0098] In the exemplary embodiment according to Fig. 19, it is possible to dispense with further light mixing with the
help of a further light mixing unit, for example a honeycomb condenser or a rod. Combinations with the other light mixing
units, for example those mentioned, are nevertheless possible. Depending on the quality of the light produced by the
light source and forming the illumination ray bundle 12, it may be sufficient in the embodiment according to Fig. 19 to
use the symmetrization property of the optical conditioning unit 32c without additional light mixing to homogenize the
illumination of the multi-mirror array 38.
[0099] Fig. 20 schematically shows another embodiment of an optical system which reduces the effect of the spatial
coherence of illumination ray sub-bundles on the intensity distribution produced on the multi-mirror array 38. In contrast
to the embodiment shown in Fig. 8, in which a rotating transparent wedge is used to tilt the illumination ray sub-bundles,
the embodiment shown in Fig. 20 uses a mirror, which is capable of performing rotary oscillations, to achieve a similar
effect. However, in the embodiment shown in Fig. 20 the illumination ray sub-beams 121, 122 are tilted only in the plane
of the drawing sheet, whereas the bundles 121, 122 shown in Fig. 8 perform a rotation around the optical axis. Apart
from that, the embodiment shown in Fig. 20 makes it possible to vary (if needed) the maximum tilting angles of the
illumination ray sub-bundles, as will become clear from the following description:
[0100] The embodiment shown in Fig. 20 comprises a beam splitter plate 810 which splits off a small portion of an
incident illumination ray bundle 12 and directs this portion towards Fourier optics 812. After having passed the Fourier
optics 812, the split off portion impinges on a divergence measurement unit 814 which contains a position resolving
sensor, for example a CCD sensor. The divergence measurement unit 840 is configured to measure the divergence of
the split off portion of the illumination ray bundle 12.
[0101] The remaining portion of the illumination ray bundle 12 passes through the beam splitter plate 810 and impinges
on a polarization dependent beam splitting cube 816. The incident illumination ray bundle 12 is in a linear state of
polarization which is selected such that the beam splitting cube 816 completely reflects the illumination ray bundle 12.
The reflected bundle 12 passes through a quarter waveplate 818 and impinges on a plane mirror 820 which can perform
rotary oscillations about a rotational axis which runs perpendicular to an optical axis 822 of the optical system. An actuator
822 is coupled to the mirror 820 and exerts forces on the mirror 820 such that it performs rotary oscillations, as is indicated
by dashed lines and a double arrow in Fig. 20. The actuator 822 is connected, via a mirror control unit 824, to the
divergence measurement unit 814.
[0102] On the opposite side of the beam splitting cube 816 relay optics 826 are provided that images the mirror 820
onto the first channel plate 828 of the honeycomb condenser 32.
[0103] In the following the function of the optical system shown in Fig. 20 will be explained:
[0104] The portion of the illumination ray bundle 12 which has been reflected by the beam splitting cube 816 impinges
on the quarter waveplate 818. There the linear state of polarization is converted into a circular state of polarization. The
circularly polarized light impinges on the oscillating mirror 820 so that, at a given instant, the propagation direction of
the illumination ray bundle 12 is tilted by a degree which is determined by the instantaneous rotary angle of the mirror 820.
[0105] After being reflected from the mirror 820, the illumination ray bundle 12 propagates again through the quarter
waveplate 818. The circular state of polarization is then converted back to a linear state of polarization which is, however,
orthogonal to the linear state of polarization of the illumination ray bundle 12 that has been reflected by the beam splitter
cube 816. As a result of this orthogonal state of polarization, the illumination ray bundle 12 now passes through the
beam splitting cube 816 and finally impinges, after having passed the relay optics 826 and the honeycomb condenser
32, on the micro-mirror array 38.
[0106] Due to the rotary oscillations of the mirror 820, the illumination ray sub-bundles 121, 122 obliquely impinge on
the honeycomb condenser 32. The tilt angles, under which the illumination ray bundles impinge on the honeycomb
condenser 32, periodically vary in time with a period which is determined by the period of the rotary oscillations of the
mirror 820. In Fig. 20 this continuous tilting of the illumination ray sub-bundles is illustrated for the illumination ray sub-
bundle 121 in solid and dashed lines.
[0107] The effect of this continuously oscillating tilting of the illumination ray sub-bundles 121 will now be explained
in more detail with reference to Figs. 21, 22 and 23 which show the illumination ray sub-bundle 121, which has a small
divergence and on the honeycomb condenser 32, at three different instants. As can be seen in Fig. 21, the illumination
ray sub-bundle 121, which completely illuminates a channel of the first channel plate 828 of the honeycomb condenser
32, converges towards the corresponding channel of the second channel plate 830. At the instant shown in Fig. 21, only
a lower portion of a light entrance surface 832 of this channel of the second channel plate 830 is illuminated by the
illumination ray sub-bundle 121.
[0108] At a later instant shown in Fig. 22 the illumination ray sub-bundle 121 is tilted by the mirror 820 such that it
propagates parallel to the optical axis 822. Now a central portion of the corresponding channel of the second channel
plate 830 is illuminated by the converging illumination ray sub-bundle 821.
[0109] At a still later instant the illumination ray sub-bundle 121 is tilted such that an upper portion of the corresponding
channel of the second channel plate 830 is illuminated, see Fig. 23. From this it becomes clear that it is possible to
(almost) homogeneously illuminate the light entrance surface 832 of the second channel plate 830 by suitably selecting
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the maximum amplitude of the rotary oscillations of the mirror 830. This is advantageous because the transparent
material, from which the second channel plate 830 is made, may be damaged if the light intensities are too large. Such
large light intensities may occur if the illumination ray sub-bundles 121 are focused by the channels of the first channel
plate 828 such that the focal points lie within the channels of the second channel plate 830.
[0110] If the divergence of the illumination ray sub-bundle 121 does not vary during time, the focal length of the
channels of the first channel plate 828 may be determined such that the focal points do not lie within the channels of
the second channel plate 830. However, under usual circumstances variations of the divergence of the illumination ray
sub-bundles 121 cannot be completely prevented. Under such conditions it is possible that the divergence changes to
an extent that leads to untolerable intensities in the second channel plate.
[0111] The optical system shown in Fig. 20 prevents such damages by spatially varying the areas which are illuminated
on the light entrance surfaces 832 of the channels of the second channel plate 830.
[0112] In order to avoid that, as a result of changes of the divergence of the illumination ray sub-bundles 121, the
illuminated areas on the channels of the second channel plate 830 become too small, or that these areas extend to
adjacent channels which should be avoided, too, the optical system measures the divergence of the incoming illumination
ray bundle 12 by means of the divergence measurement unit 814. The measurement values are communicated to the
mirror control unit 824 which controls the maximum amplitudes of the rotary oscillations produced by the actuator 822
in such a manner that the conditions shown in FIGS. 21, to 23 prevail, i. e. the light entrance surfaces 832 of the second
channel plate 830 are - although not at any arbitrary instant, but integrally over time - completely illuminated, or at least
illuminated over an area that prevents damages caused by too high light intensities.
[0113] In the following some alternative embodiments will be described:
[0114] If the divergence is known, or its variations are within known ranges, the beam splitter plate 810, the Fourier
optics 812 and the divergence measurement unit 814 may be dispensed with.
[0115] In another embodiment, the mirror 820 does not perform rotary oscillations. but is bent with the help of suitable
actuators, with a bending axis extending perpendicular to the plane of the drawing sheet.
[0116] In another alternative embodiment the beam splitting cube 816 and the quarter waveplate 818 are dispensed
with. The mirror 820 is arranged such that its surface normal (in neutral position) forms an angle with regard to the
direction of the incoming illumination ray bundle 12. In other words, the mirror 820 is then used as a folding mirror. As
a result of this inclined orientation, the honeycomb condenser 32 may be arranged in an inclined manner as well, in
particular in accordance with the Scheimpflug condition.
[0117] In still another embodiment the relay optics 826 are dispensed with. However, in this case not only the angles
of incidence, but also the areas, where the illumination ray sub-bundles 121 impinge on the first channel plate 828, will
vary in time. If this can be tolerated, the omission of the relay optics 826 significantly simplifies the design of the optical
system.
[0118] In another alternative embodiment the quarter waveplate 818 is replaced by another polarization manipulator,
for example a polarization rotator that rotates the polarization direction by an angle of 45°. Such a polarization rotator
may comprise optically active materials, for example.
[0119] Fig. 24 schematically shows a section through a mixing element 903 which may be used instead of the diffractive
optical element 3d in the arrangement shown in Fig. 11. The mixing element 903 comprises a first rod 910 and a second
rod 912 which are transparent for the illumination ray bundles. The first rod 910 has a first surface 914, and the second
rod 912 has a second surface 916 which is arranged adjacent the first surface 914 of the first rod 910. The first surface
914 and the second surface 916 are parallel to each other and are spaced apart by a distance D which is so small that
at least a substantial portion of light guided by total internal reflection within the first rod 910 couples into the second
rod 912 as evanescent waves.
[0120] Such evanescent waves are a side effect if total internal reflection occurs. The evanescent waves propagate
across the boundary surface between the two adjoining optical media. Under ordinary conditions evanescent waves do
not transmit any energy. However, if the distance between the two media is less than several wavelengths, i. e. there
is a thin interspace filled with a third medium, the evanescent wave transfer energy across the interspace into the second
medium across the third medium. The smaller the distance is, the larger is the fraction of light which couples into the
second medium. This effect, which is very similar to quantum tunnelling, is also referred to as frustrated total internal
reflection.
[0121] In order to be able to keep the distance D between the first and second surfaces 914, 916 smaller than a few
wavelengths of the light, the surfaces 914, 916 should be plane because this simplifies a parallel arrangement of the
surfaces 914, 916 with such a short distance D. In the embodiment shown the distance D is determined by spacers 918
which are arranged between the surfaces 914, 916. The spacers 918 may be formed by stripes of a thin film, for example
a gold film, or sputtered structures. The rods may have almost any cross section, for example rectangular with an aspect
ratio such that the rod has the shape of a thin slab.
[0122] Reference numeral 920 denotes a centroid ray of an illumination sub-bundle. If this ray 920 is coupled into a
front end face 921 of the rod 910 with a suitable angle of incidence, it can be ensured that the angle of incidence on its
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lateral surface 923 is greater than the critical angle, so that total internal reflection occurs at this lateral surface 923.
[0123] If the ray 920 reflected from lateral surface 923 is incident on the first surface 914, a fraction of the light is able
to couple into the adjoining second rod 912 so that a beam splitting function is achieved. A reflected portion is directed
again towards the lateral surface 923, and the transmitted portion impinges on the lateral surface 925 of the second rod
912. Each time a ray impinges on one of the first or second surfaces 914, 916 it will be split into two rays in this manner.
[0124] From the opposite rear end faces 927, 929 of the rods 910, 912 a plurality of rays emerge that carry a fraction
of the intensity of the ray 920 before it is coupled into the rod 910. The fraction depends on the geometrical parameters
of the mixing element 903, in particular on the distance D, the angle of incidence on the front end face 921 and the length
and thickness of the rods 910, 912.
[0125] If a larger portion of the front end face 921 of the mixing element 903 is illuminated with an illumination ray
bundle, a very effective light mixing effect is achieved with a mixing element 903 having a short longitudinal dimension.
One of the most prominent advantages of this embodiment is that no light is lost at the optical boundaries. The only light
loss occurs as a result of light absorption within the rods 910, 912 which can be kept very low if highly transparent optical
media are used.
[0126] In order to reduce polarization dependencies, the light bundles propagating through the mixing elements 903
should be in an s-state of linear polarization.
[0127] In one embodiment the illumination ray bundle has a wavelength of 193 nm, the angle of incidence with respect
to the first and second surfaces 914, 916 is 45°, and the distance D is 100 nm, i.e. about one half of the light wavelength.
This will result in a beam splitting ratio of about 50:50 at the surfaces 914, 916. Rods having the necessary flatness and
minimum roughness are commercially available, for example, from Swissoptic, Switzerland.
[0128] Fig. 25 is a schematic cross-section through a mixing unit 950 which comprises a plurality of mixing elements
903 as shown in Fig. 24. The mixing elements 903 in this embodiment have a thickness in the order of 1 mm to 2 mm
and a length between 10 mm and 50 mm and may consist of calcium fluoride, magnesium fluoride, quartz or fused silica.
The thicknesses of the mixing element 903 do not have to be equal.
[0129] A prism 952 is arranged behind the rear end faces of the mixing elements 903. The prism 952 tilts the ray
bundles emerging from the rear end faces under various directions such that the ray bundles run parallel. To this end
the prism 952 has two inclined end faces whose inclination is adapted to the angles und which the ray bundles emerge
from the mixing elements 903. Instead of the prism 952 a suitable mirror arrangement may be used, as is known in the
art as such.
[0130] The intensity distributions exemplarily illustrated at the bottom of Fig. 25 show the inhomogeneities of the
intensity distribution of the illumination ray bundle before and after the mixing unit 950.
[0131] Since the ray bundles emerge from the rear end faces of the mixing elements 903 under two opposite angles,
it may be envisaged to illuminate the front end faces of the mixing elements 903 under the two opposite angles, too.
This further improves the light mixing effect obtained by the mixing unit 950. In order to facilitate the coupling of light
into the front end faces of the mixing elements 903, these end faces may have the shape of prisms, as is indicated for
the upper most mixing element 903 in Fig. 25 by a dotted line 954.
[0132] In another alternative embodiment a plurality of mixing units (but without the prism 950) are arranged one
behind the other in a cascaded fashion so that light emerging from a rear end face of a unit couples into a front end face
of a subsequent unit. The prism 950 may be arranged behind the last units of the cascade.
[0133] Fig. 26 is a schematic cross-section through a light mixing element according to still another embodiment. Like
elements as shown in Fig. 24 are denoted with the same reference numerals increased by 100. The light mixing element
1003 differs from the light mixing element 903 shown in Fig. 24 mainly in that the interspace formed between the first
and second surface 1014, 1016 is not filled by air or another gas (mixture), but by a dielectric material, for example
highly purified water or a dielectric beam splitting layer comprising a plurality of individual sub-layers. Then it is not
necessary to keep the distance D between the surfaces 1014, 1016 in the order of some tenth or several hundreds of
nanometers, or generally at a distance at which frustrated internal reflection occurs. This simplifies the production and
mounting of the rods 1010, 1012.
[0134] Since the dielectric medium arranged in the interspace between the surfaces 1014, 1016 usually has a higher
absorption for the illumination ray bundle than the material of the rods 1010, 1012, the optical losses in the light mixing
element 1003 may be somewhat higher than in the embodiment shown in Fig. 24.
[0135] As a matter of course, the light mixing elements 1003 may also be used in a mixing unit 950 as has been shown
in Fig. 25.
[0136] Fig. 27 is a schematic cross-section through a light mixing element 1103 according to a still further embodiment.
The light mixing element 1103 comprises a slab 1114 which has (integrally or formed on) a prism portion 1116 with an
inclined front end face 1118. If an illumination ray sub-bundle represented by a centroid ray 1120 is coupled into the
slab 1114 via its front end face 1118, it will travel to and fro within the slab 1114 due to total internal reflection at its
surfaces. However, the angle of incidence of the ray 1120 on the parallel lateral surfaces 1122, 1124 of the slab 1114
is determined such that the angle of incidence is only close to the critical angle. Thus at each reflection at one of the
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surfaces 1122, 1124 a portion of the ray 1120 is transmitted and emerges from the slab 1114 as refracted ray 1120’.
The fraction of light which is transmitted at the surfaces 1122, 1124 is determined by the angle of incidence and the
refractive indices of the slab 1114 and the surrounding medium (usually air or another gas). The function of the slab
1114 is therefore similar to the function of a Lummer-Gehrke plate which is used as a spectroscope in the field of optics.
[0137] Also in this embodiment the refracted rays 1120’ emerge from the slab 1114 under two different angles. In
order to obtain ray bundles running parallel, prisms 1112a, 1112b and mirrors 1113a, 1113b are used.
[0138] In contrast to the Lummer-Gehrke plate, it should be avoided that the refracted bundles 1120’ produce inter-
ference patterns in the far field. This can be ensured if the distance a between two reflections within the slab 1114 is in
the order of the temporal coherence length of the light. For light having a wavelength of 193 nm and a bandwidth of 1.5
pm, a = 2.5 cm. Incidentally, the same condition also applies to the embodiments shown in FIGS. 24 to 26.
[0139] The pupil forming unit of Figs. 3, 9 and 10, the optical system of Figs. 4 to 8 and 16 to 247, and the optical
conditioning unit of Figs. 11 to 14 provide a temporal stabilisation of the illumination of the multi-mirror array (MMA) 38
of illumination optics for a projection exposure apparatus for microlithography by the superposition of illumination ray
sub-bundles.
[0140] These various embodiments therefore show illumination optics for a projection exposure apparatus for micro-
lithography for the homogeneous illumination of an object field with object field points in an object plane,
the illumination optics having an associated exit pupil for each object field point of the object field,
the illumination optics containing at least one multi-mirror array (MMA) having a multiplicity of mirrors for adjusting an
intensity distribution in the associated exit pupils of the object field points,
having an illumination ray bundle of illumination rays between a light source and the multi-mirror array (MMA),
the illumination optics containing at least one optical system for temporally stabilising illumination of the multi-mirror
array (MMA), the temporal stabilisation being carried out by superposition of illumination rays of the illumination ray
bundle on the multi-mirror array (MMA).
[0141] It is necessary to stabilise the illumination of the multi-mirror array (MMA) in order to decouple this illumination,
and therefore the exit pupils of the object field points, of a projection exposure apparatus from the temporal and/or spatial
fluctuations of a light source.
[0142] By this decoupling, it is possible for the intensity distribution in the exit pupils of object field points, produced
by a projection exposure apparatus having the pupil forming unit of Figs. 3, 9 and 10, the optical system of Figs. 4 to 8
and 16 to 27, and the optical conditioning unit of Figs. 11 to 14, to deviate only slightly from a desired intensity distribution
in respect of the centroid angle value, the ellipticity and the pole balance.
[0143] These said embodiments show a projection exposure apparatus for microlithography,
having illumination optics for illuminating an object field with object field points in an object plane,
having projection optics for imaging the object field into an image field in the image plane,
the illumination optics having, for each object field point of the object field, an associated exit pupil with a greatest
marginal angle value sin(γ) of the exit pupil,
the illumination optics containing at least one multi-mirror array (MMA) having a multiplicity of mirrors for adjusting an
intensity distribution in the associated exit pupils of the object field points,
the illumination optics containing at least one optical system for temporally stabilising illumination of the multi-mirror
array (MMA) so that, for each object field point, the intensity distribution in the associated exit pupil deviates from a
desired intensity distribution in the associated exit pupil

- in the case of a centroid angle value sin(β) by less than two per cent expressed in terms of the greatest marginal
angle value sin(γ) of the associated exit pupil and/or,

- in the case of ellipticity by less than two per cent and/or

- in the case of a pole balance by less than two per cent.

[0144] By this decoupling it is likewise possible for a first intensity distribution, produced in the exit pupils of object
field points by a projection exposure apparatus according to the invention, to deviate only slightly in the outer σ or inner
σ from a second intensity distribution being produced.
[0145] The embodiments mentioned above therefore likewise show a projection exposure apparatus for microlithog-
raphy,
having illumination optics for illuminating an object field with object field points in an object plane,
having projection optics for imaging the object field into an image field in the image plane,
the illumination optics having, for each object field point of the object field, an associated exit pupil with a greatest
marginal angle value sin(γ) of the exit pupil,
the illumination optics containing at least one multi-mirror array (MMA) having a multiplicity of mirrors for adjusting an



EP 2 238 515 B1

19

5

10

15

20

25

30

35

40

45

50

55

intensity distribution in the associated exit pupils of the object field points,
the illumination optics containing at least one optical system for temporally stabilising the illumination of the multi-mirror
array (MMA),
so that for each object field point, a first adjusted intensity distribution in the associated exit plane deviates from a second
adjusted intensity distribution in the associated exit pupil by less than the value 0.1 in the outer and/or inner σ.
[0146] The multi-mirror array (MMA) 38 of Figs. 3 to 12, 14 and 16 to 27 is configured according to the considerations
presented above in the introduction to the description, in order to satisfy the requirements of a necessary resolution in
the pupil for a change between annular settings, which differ only slightly in the outer and/or inner σ. Furthermore the
multi-mirror array 38 in the said embodiments of the figures shown inter alia satisfies the requirements of the installation
space of a projection exposure apparatus and the requirements of a minimum size of the pupil in the pupil plane 44.
[0147] The said embodiments therefore show a multi-mirror array (MMA) for illumination optics for a projection exposure
apparatus for microlithography, having an operating light wavelength λ of the projection exposure apparatus in the units
[nm],
each mirror of the multi-mirror array being rotatable about at least one axis through a maximum tilt angle value sin(α)
and having a minimum edge length,
the minimum edge length being greater than 200 [mm*nm]*sin(α)/λ.
[0148] The optical system of Figs. 4 to 8 and 16 to 27 ensures homogenisation of this illumination, extending beyond
pure temporal stabilisation of the illumination of the multi-mirror array (MMA) 38, by the superposition of illumination ray
sub-bundles on the multi-mirror array. In this case the optical system in the said embodiments, for the reasons mentioned
above in the introduction to the description, introduce only little additional geometrical flux in the form of an increased
divergence of the illumination ray sub-bundles after the optical system.
[0149] The said embodiments therefore show an optical system for homogenising illumination of a multi-mirror array
of illumination optics for a projection exposure apparatus for microlithography, having a divergence of the illumination
ray bundle and an illumination light direction from the light source to the multi-mirror array (MMA), the divergence of the
illumination ray bundle in the illumination light direction after the optical system being less than five times the divergence
of the illumination ray bundle before the optical system.
[0150] The optical conditioning unit of Figs. 11 to 15 is capable of modifying the position, the divergence and/or the
ray or bundle profile and/or the polarisation state of the illumination ray bundle 12 between the laser output and the
multi-mirror array (MMA) 38.
[0151] The said embodiments therefore show an optical conditioning unit according to the invention for conditioning
an illumination ray bundle of a laser for illumination optics for a projection exposure apparatus for microlithography, the
laser having more than one coherent laser mode and a laser output, and the illumination ray bundle having a divergence,
a ray or bundle profile and a polarisation state, the optical conditioning unit modifying at least the divergence and/or the
ray or bundle profile and/or the polarisation state of the illumination ray bundle between the laser output and the multi-
mirror array (MMA).
[0152] The invention is defined by the claims.

Claims

1. Projection exposure apparatus for microlithography, comprising:

- illumination optics for illuminating object field points of an object field in an object plane (7), wherein

-- the illumination optics have, for each object field point of the object field, an exit pupil associated with the
object point, wherein sin(γ) is a greatest marginal angle value of the exit pupil, and wherein
-- the illumination optics comprise a multi-mirror array (38) comprising a plurality of mirrors for adjusting an
intensity distribution in exit pupils associated to the object field points,

- projection optics (8) for imaging the object field on an image field in an image plane,

characterised in that
the illumination optics contain at least one optical system (32) for temporally stabilising the illumination of the multi-
mirror array (38) so that, for each object field point, a first adjusted intensity distribution in the associated exit pupil
deviates from a second adjusted intensity distribution in the associated exit pupil by less than 0.1 in the outer and/or
inner σ, in that
the greatest marginal angle value sin(γ) of the exit pupil associated to an object field point is greater than 0.2 for all
object field points, in that
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the apparatus has an illumination ray bundle (121, 122) of illumination rays between a light source (1) and the multi-
mirror array (38), wherein the optical system carries out temporal stabilisation of the illumination of the multi-mirror
array (38) by a superposition of illumination rays of the illumination ray bundle (121, 122) on the multi-mirror array
(38), wherein the optical system (32) is configured to produce an incoherent superposition of the illumination rays
of the illumination ray bundle (121, 122) on the multi-mirror array (38), in that
the apparatus has an optical axis between a light source and the multi-mirror array (38), wherein an
illumination ray of the illumination ray bundle (121, 122) has a height with respect to the optical axis in a plane
between the light source (1) and the multi-mirror array (38) perpendicularly to the optical axis, and wherein a phase
lag of the illumination ray is introduced as a function of the height of the illumination ray with respect to the optical
axis, in that
the phase lag of the illumination ray is produced by a transparent optical phase element (33a) which is arranged
between the light source (19 and the multi-mirror array (38), and in that
the optical system comprises a honeycomb condenser (32) having a first honeycomb channel plate and a second
honeycomb channel plate, wherein the optical phase element (33a) is arranged between the first and the second
honeycomb channel plate.

2. Apparatus according to claim 1, characterised in that an illuminated solid angle range in the exit pupil associated
to an object field point, which range is generated by a mirror of the multi-mirror array (38), has a maximum angle
range value which is less than 5%, in particular less than 1%, expressed in terms of the greatest marginal angle
value sin(γ) of the associated exit pupil.

3. Apparatus according to one of the preceding claims, characterised in that a solid angle range in the exit pupil
associated to an object field point is illuminated with a non-zero intensity and an angle range value of less than 10%,
in particular less than 2%, expressed in terms of the greatest marginal angle value of the associated exit pupil, by
at least two mirrors of the multi-mirror array (38), in particular by at least four mirrors of the multi-mirror array.

4. Apparatus according to claim 1, characterised in that the illumination ray bundle (121, 122) has a divergence and
an illumination light direction from the light source (19) to the multi-mirror array (38), wherein the divergence of the
illumination ray bundle (121, 122) in the illumination light direction after the optical system (32) is less than twice
the divergence of the illumination ray bundle (121, 122) before the optical system (32).

5. Apparatus according to one of the preceding claims, characterised in that the optical system has a telescopic
beam path, which is folded by at least one prism or a mirror (30).

6. Apparatus according to one of the preceding claims, characterised in that the optical system is configured to
produce a temporal modification of the incoherent superposition.

7. Apparatus according to one of the preceding claims, characterised in that it comprising a laser for generating an
illumination ray bundle, the laser having more than one coherent laser mode and a laser output, and the illumination
ray bundle (121, 122) having a divergence, a ray or bundle profile and a polarisation state, wherein the optical
system comprises an optical conditioning unit (400; 32c) for modifying at least the divergence and/or the ray profile
and/or the polarisation state of the illumination ray bundle between the output of the laser and the multi-mirror array
(38).

8. Apparatus according to Claim 7, characterised in that the optical conditioning unit (400) comprises at least one
anamorphotic element and/or an aspherical element (701) and/or element (701) with a freeform surface and/or a
DOE (3d).

9. Apparatus according to Claim 6, characterised in that the optical system comprises a mirror (820), which has a
mirror surface, and an actuator (822) which is configured to produce a tilt of at least a portion of the mirror surface,
in particular to produce rotary oscillations of the mirror around a rotary axis, which is inclined to the optical axis by
an angle distinct from 0°.

Patentansprüche

1. Projektionsbelichtungsanlage für die Mikrolithographie, mit:
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- einer Beleuchtungsoptik zum Beleuchten von Objekt-Feldpunkten eines Objektfeldes in einer Objektebene
(7), wobei

-- die Beleuchtungsoptik für jeden Objektfeldpunkt des Objektfeldes eine dem Objektpunkt zugeordnete
Austrittspupille hat, wobei sin(γ) ein größter Randwinkelwert der Austrittspupille ist, und wobei
-- die Beleuchtungsoptik eine Vielfachspiegelanordnung (38) umfasst, das eine Vielzahl von Spiegeln zum
Einstellen einer Intensitätsverteilung in den Objektfeldpunkten zugeordneten Austrittspupillen aufweist,

- eine Projektionsoptik (8) zum Abbilden des Objektfeldes auf ein Bildfeld in einer Bildebene,

dadurch gekennzeichnet, dass
die Beleuchtungsoptik wenigstens ein optisches System (32) zum zeitlichen Stabilisieren der Beleuchtung der Viel-
fachspiegelanordnung (38) enthält, so dass für jeden Objektfeldpunkt eine erste eingestellte Intensitätsverteilung
in der zugeordneten Austrittspupille von einer zweiten eingestellten Intensitätsverteilung in der zugeordneten Aus-
trittspupille um weniger als 0.1 in dem äußeren und/oder inneren σ abweicht, und dass
der größte Randwinkelwert sin(γ) der einem Objektfeldpunkt zugeordneten Austrittspupille größer ist als 0.2 für alle
Objektfeldpunkte, und dass
die Anlage ein Beleuchtungsstrahlbündel (121, 122) von Beleuchtungsstrahlen zwischen einer Lichtquelle (1) und
der Vielfachspiegelanordnung (38) hat, wobei das optische System eine zeitliche Stabilisierung der Beleuchtung
der Vielfachspiegelanordnung (38) durch Überlagerung von Beleuchtungsstrahlen des Beleuchtungsstrahlbündels
(121, 122) auf der Vielfachspiegelanordnung (38) durchführt, wobei das optische System (32) dazu eingereichtet
ist, eine inkohärente Überlagerung der Beleuchtungsstrahlen des Beleuchtungsstrahlbündels (121, 122)-auf der
Vielfachspiegelanordnung (38) zu erzeugen, und dass
die Anlage eine optische Achse zwischen einer Lichtquelle und der Vielfachspiegelanordnung (38) hat, wobei ein
Beleuchtungsstrahl des Beleuchtungsstrahlbündels (121, 122) eine Höhe bezüglich der optischen Achse in einer
Ebene zwischen der Lichtquelle (1) und der Vielfachspiegelanordnung (38) senkrecht zur optischen Achse hat, und
wobei eine Phasenverzögerung des Beleuchtungsstrahls als Funktion der Höhe des Beleuchtungsstrahls bezüglich
der optischen Achse eingeführt wird, und dass
die Phasenverzögerung des Beleuchtungsstrahls durch ein transparentes optisches Phasenelement (33a) erzeugt
wird, das zwischen der Lichtquelle (19) und der Vielfachspiegelanordnung (38) angeordnet ist, und dass
das optische System einen Wabenkondensator (32) umfasst, der eine erste Wabenkanalplatte und eine zweite
Wabenkanalplatte hat, wobei das optische Phasenelement (33a) zwischen der ersten und der zweiten Wabenka-
nalplatte angeordnet ist.

2. Anlage nach Anspruch 1, dadurch gekennzeichnet, dass ein beleuchteter Raumwinkelbereich in der einem Ob-
jektfeldpunkt zugeordneten Austrittspupille, der durch einen Spiegel der Vielfachspiegelanordnung (38) erzeugt
wird, einen maximalen Winkelbereichswert hat, der geringer ist als 5%, insbesondere geringer als 1%, in Bezug auf
den größten Randwinkelwert sinn(γ) der zugeordneten Austrittspupille.

3. Anlage nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass ein Raumwinkelbereich in
der einem Objektfeldpunkt zugeordneten Austrittspupille mit einer von null verschiedenen Intensität und einem
Winkelbereichswert von weniger als 10%, insbesondere weniger als 2%, ausgedrückt mit Bezug auf den größten
Randwinkelwert der zugeordneten Austrittspupille, durch wenigstens zwei Spiegel der Vielfachspiegelanordnung
(38), insbesondere durch wenigstens vier Spiegel der Vielfachspiegelanordnung, beleuchtet wird.

4. Anlage nach Anspruch 1, dadurch gekennzeichnet, dass das Beleuchtungsstrahlbündel (121, 122) eine Divergenz
und eine Beleuchtungslichtrichtung von der Lichtquelle (19) zur Vielfachpiegelanordnung (38) hat, wobei die Diver-
genz des Beleuchtungsstrahlbündels (121, 122) in der Beleuchtungslichtrichtung hinter dem optischen System (32)
kleiner als das zweifache der Divergenz des Beleuchtungsstrahlbündels (121, 122) vor dem optischen System (32)
ist.

5. Anlage nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass das optische System einen
teleskopischen Strahlweg hat, der durch wenigstens ein Prisma oder einen Spiegel (30) gefaltet ist.

6. Anlage nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass das optische System dazu
eingerichtet ist, eine zeitliche Modifizierung der inkohärenten Überlagerung zu erzeugen.

7. Anlage nach einem der vorhergehenden Ansprüche, dadurch gekennzeichnet, dass sie einen Laser zur Erzeugung
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eines Beleuchtungsstrahlbündels aufweist, wobei der Laser mehr als eine kohärente Lasermode und einen Laser-
ausgang hat, und wobei das Beleuchtungsstrahlbündel (121, 122) eine Divergenz, ein Strahl- oder Bündelprofil und
einen Polarisationszustand hat, wobei das optische System eine optische Konditioniereinheit (400; 32c) aufweist
zum Modifizieren wenigstens der Divergenz und/oder des Strahlprofils und/oder des Polarisationszustands des
Beleuchtungsstrahlbündels zwischen dem Laserausgang und der Vielfachspiegelanordnung (38).

8. Anlage nach Anspruch 7, dadurch gekennzeichnet, dass die optische Konditioniereinheit (400) wenigstens ein
anormorphotisches Element und/oder ein asphärisches Element (701) und/oder ein Element (701) mit einer Frei-
formoberfläche und/oder ein DOE (3d) umfasst.

9. Anlage nach Anspruch 6, dadurch gekennzeichnet, dass das optische System einen Spiegel (820), der eine
Spiegeloberfläche hat, und einen Aktuator (822) umfasst, der dazu eingerichtet ist, eine Verkippung wenigstens
eines Teils der Spiegeloberfläche zu erzeugen, insbesondere um Drehschwingungen des Spiegels um eine Dreh-
achse zu erzeugen, die bezüglich der optischen Achse um einen von 0° verschiedenen Winkel geneigt ist.

Revendications

1. Appareil d’exposition par projection pour microlithographie, comprenant :

- des optiques d’illumination pour illuminer des points de champ d’objet d’un champ d’objet dans un plan d’objet
(7), où
- les optiques d’illumination présentent, pour chaque point de champ d’objet du champ d’objet, une pupille de
sortie associée au point d’objet, où sin(γ) est une valeur d’angle marginal maximale de la pupille de sortie, et où
- les optiques d’illumination comprennent un réseau de multiples miroirs (38) comprenant une pluralité de miroirs
pour ajuster une répartition d’intensité dans des pupilles de sortie associées aux points de champ d’objet,
- des optiques de projection (8) pour former en image le champ d’objet sur un champ d’image dans un plan
d’image,

caractérisé en ce que
les optiques d’illumination contiennent au moins un système optique (32) pour stabiliser temporellement l’illumination
du réseau de multiples miroirs (38) de sorte que, pour chaque point de champ d’objet, une première répartition
d’intensité ajustée dans la pupille de sortie associée s’écarte d’une deuxième répartition d’intensité ajustée dans la
pupille de sortie associée de moins de 0,1 dans le σ externe et/ou interne, en ce que
la valeur d’angle marginal maximale sin(γ) de la pupille de sortie associée à un point de champ d’objet est supérieure
à 0,2 pour tous les points de champ d’objet, en ce que
l’appareil présente un faisceau de rayon d’illumination (121, 122) de rayons d’illumination entre une source de
lumière (1) et le réseau de multiples miroirs (38), où le système optique effectue une stabilisation temporelle de
l’illumination du réseau de multiples miroirs (38) par une superposition des rayons d’illumination du faisceau de
rayon d’illumination (121, 122) sur le réseau de multiples miroirs (38), où le système optique (32) est configuré pour
produire une superposition incohérente des rayons d’illumination du faisceau de rayon d’illumination (121, 122) sur
le réseau de multiples miroirs (38), en ce que
l’appareil présente un axe optique entre une source de lumière et le réseau de multiples miroirs (38), où un rayon
d’illumination du faisceau de rayon d’illumination (121, 122) présente une hauteur par rapport à l’axe optique dans
un plan entre la source de lumière (1) et le réseau de multiples miroirs (38) perpendiculairement à l’axe optique, et
où un retard de phase du rayon d’illumination est introduit en tant que fonction de la hauteur du rayon d’illumination
par rapport à l’axe optique, en ce que
le retard de phase du rayon d’illumination est produit par un élément de phase optique transparent (33a) qui est
disposé entre la source de lumière (1) et le réseau de multiples miroirs (38), et en ce que
le système optique comprend un condenseur alvéolaire (32) présentant une première plaque de canal alvéolaire
et une deuxième plaque de canal alvéolaire, où l’élément de phase optique (33a) est disposé entre la première et
la deuxième plaques de canal alvéolaires.

2. Appareil selon la revendication 1, caractérisé en ce qu’une plage d’angle solide illuminée dans la pupille de sortie
associée à un point de champ d’objet, laquelle plage est générée par un miroir du réseau de multiples miroirs (38),
présente une valeur de plage d’angle maximum qui est inférieure à 5 %, en particulier inférieure à 1 %, exprimée
en termes de valeur de plage d’angle marginal maximale sin(γ) de la pupille de sortie associée.
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3. Appareil selon l’une des revendications précédentes, caractérisé en ce qu’une plage d’angle solide dans la pupille
de sortie associée à point de champ d’objet est illuminée avec une intensité non nulle et une valeur de plage d’angle
inférieure à 10 %, en particulier inférieure à 2 %, exprimée en termes de valeur d’angle marginal maximale de la
pupille de sortie associée, par au moins deux miroirs du réseau de multiples miroirs (38), en particulier par au moins
quatre miroirs du réseau de multiples miroirs.

4. Appareil selon la revendication 1, caractérisé en ce que le faisceau de rayon d’illumination (121, 122) présente
une divergence et une direction de lumière d’illumination de la source de lumière (1) au réseau de multiples miroirs
(38), où la divergence du faisceau de rayon d’illumination (121, 122) dans la direction de lumière d’illumination après
le système optique (32) est inférieure à deux fois la divergence du faisceau de rayon d’illumination (121, 122) avant
le système optique (32).

5. Appareil selon l’une des revendications précédentes, caractérisé en ce que le système optique présente un trajet
de faisceau télescopique, qui est replié par au moins un prisme ou un miroir (30).

6. Appareil selon l’une des revendications précédentes, caractérisé en ce que le système optique est configuré pour
produire une modification temporelle de la superposition incohérente.

7. Appareil selon l’une des revendications précédentes, caractérisé en ce qu’il comprend un laser pour générer un
faisceau de rayon d’illumination, le laser présentant plus d’un mode de laser cohérent et une sortie laser, et le
faisceau de rayon d’illumination (121, 122) présentant une divergence, un profil de rayon ou de faisceau et un état
de polarisation, où le système optique comprend une unité de conditionnement optique (400 ; 32c) pour modifier
au moins la divergence et/ou le profil de rayon et/ou l’état de polarisation du faisceau de rayon d’illumination entre
la sortie du laser et le réseau de multiples miroirs (38).

8. Appareil selon la revendication 7, caractérisé en ce que l’unité de conditionnement optique (400) comprend au
moins un élément anamorphosique et/ou un élément asphérique (701) et/ou élément (701) présentant une surface
de forme libre et/ou un élément optique de diffraction (3d).

9. Appareil selon la revendication 6, caractérisé en ce que le système optique comprend un miroir (820), qui présente
une surface de miroir, et un actionneur (822) qui est configuré pour produire une inclinaison d’au moins une partie
de la surface de miroir, en particulier afin de produire des oscillations tournantes du miroir autour d’un axe de rotation,
qui est incliné par rapport à l’axe optique d’un angle distinct de 0°.
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