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MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS

BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to microlithographic expo-
sure 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

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 illumi-
nation optics. Such apparatus are known, for example,
from US 6,285,443 Bl. The structuring (i.e. producing a

desired intensity distribution) of exit pupils results
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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 op-
tics to a subsequent pupil plane. In the exit pupil the
intensity distribution is described as a function of pu-
pil coordinates which correspond to angles in the plane
of the DOE. Variable zoom objectives and/or axicon sys-
tems, 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 o of a setting, with o
being the coherence parameter which will be described in
more detail below. These adjustable elements make it pos-
sible to obtain a more complex structuring of exit pu-
pils. The zoom objective and/or the axicon system ensure
a radially symmetric or axisymmetric redistribution of
light about the optical axis of the pupil plane as a sym-
metry axis. Without restriction of generality, symmetry
of the axicon is assumed with respect to the optical

axis.

For the coherence parameters indicated above, the outer o
is a measure of the fill factor of light in the exit pu-
pil. Conversely, the inner o is a measure of the fill
factor of central obscuration or shadowing inside the
light-filled region in the exit pupil, which is described
by the outer o. At least one further set of Fourier op-

tics transforms the distribution as a function of the pu-
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pil position in the pupil plane into an angle distribu-
tion in a subsequent object plane, so that the exit pu-
pils of the object field points of the object field in
the object plane of the illumination optics are struc-

tured.

A restricting factor in these projection exposure appéra—
tus is that structuring produced by a DOE can be modified
only to a small extent, essentially radially symmetri-
cally or axisymmetrically with respect to the optical
axis, by adjusting lenses varying lenses of the zoom ob-
jective 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 structur-
ing 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 frac-

tions of a second.

Projection exposure apparatus for microlithography, hav-
ing 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.

Methods for calculating optimal structurings of exit pu-

pils of illumination optics of a projection exposure ap-
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paratus 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 Al.

SUMMARY OF THE INVENTION

It is a first object of the invention to refine a projec-
tion exposure apparatus of the type mentioned in the in-
troduction. In particular, it is an object of the present
invention to provide a projection exposure apparatus hav-
ing a multi-mirror array (MMA) for rapidly and reproduci-
bly changing the structuring of exit pupils of object

field points of illumination optics of a projection expo-

sure apparatus.

This object is achieved according to the invention by the
first projection exposure appafatus for microlithography
mentioned in the introduction, 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 dis-
tribution in the associated exit pupil deviates from a
desired intensity distribution in the associated exit pu-

pil

- in the case of a centroid angle value sin(f) by
less than two per cent expressed in terms of the
greatest marginal angle value sin(y) of the associ-

ated exit pupil and/or,
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- 1n the case of ellipticity by less than two per

cent and/or

- 1in the case of a pole balance by less than two per

cent.

The Inventors have discovered that the DOE in conven-
tional projection exposure apparatus, as described for
example in US 6,285,443 Bl, 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 la-
ser jitter, are therefore balanced out by the strong
light mixing of the DOE. During the exposure process,
this gives approximately temporally stabilised structur-
ing in the exit pupils, which fluctuates only to a small
extent relative to time-averaged structuring. For conven-
tional 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 prop-

erty of a DOE of a conventional projection exposure appa-
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ratus. 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.

According to the invention, it has been discovered that
for projection exposure apparatus having fewer than
80,000 mirrors, temporal stabilisation of the illumina-
tion of a multi-mirror array (MMA) gives similarly good
or even better time-averaged structurings of the exit pu-
pils. Structuring of exit pupils of the projection expo-
sure apparatus, calculated as optimal and desired by the
user of the projection exposure apparatus, is therefore
reproducible with high accuracy by the projection expo-
sure 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
first embodiment of the 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 advanta-
geously decoupled from the temporal and/or spatial fluc-
tuations of the light source, for example laser jitter of
an excimer laser, by temporally stabilising the illumina-
tion in a position or field plane of the illumination op-
tics, which contains for example the MMA with fewer than

80,000 mirrors.
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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.

The exit pupil of an object field point is defined in op-
tics 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 fol-
lowing 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 telecen-
tric 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
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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 im-
age of the aperture-limited stop as the exit pupil of a
telecentric system may readily be obtained by those illu-
mination 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 vir-
tual or real image of the aperture-limited stop as the
exit pupil of an object field point in this case corre-
sponds to the associated angle of the illumination ray in
the object plane at the object field point. The corre-
spondence 1s 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
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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 an-
gle 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.

As an alternative, instead of in the form of an angle
range or an angle space in the objecf plane, the exit pu-
pil 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 meas-
uring instrument for analysing exit pupils, which is in-
troduced into the object plane of the illumination op-
tics. By the Fourier relation between the object and pu-
pil 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.

The structuring of an exit pupil, or equivalently the in-
tensity 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-
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limited stop, or as an intensity distribution over the
surface in a pupil plane of Fourier optics, or as an in-
tensity distribution over angle ranges or over the angle

space in a position/image or field plane.

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 reti-
cle plane is advantageous for the tolerances with which
the reticle must be positioned along the optical axis for
optimal imaging. In perfect telecentric illumination op-
tics 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 illu-

mination optics, likewise coincide.

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 dis-
tance 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 ob-
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ject 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 consid-
ered 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 dis-
tribution in the individual exit pupils of the object
field points. In the ideal case, as already mentioned,

these exit pupils may also coincide.

In the pupil planes of Fourier optics or Fourier planes
conjugated therewith, for example in the pupil planes in-
side illumination optics or in the pupil planes of meas-
uring 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 ob-
ject/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".

As a measure of a deviation of a desired intensity dis-

tribution from an intensity distribution of an exit pupil
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of an object field point, produced in a projection expo-
sure apparatus, inter alia it is feasible to use the dif-
ference of the centroid angle value sin(pB) of the two in-
tensity distributions relative to the greatest marginal
angle value sin(y) of the associated exit pupil. Angle
values in the scope of this application are intended to
mean the sine, sin(x), of the corresponding 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 op-
tics, 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(y)
is the greatest-magnitude angle value of all marginal an-
gles 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(f) is the sine of the centroid
angle B 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.

The direction, in which the centroid of the intensity

distribution in the exit pupil is perceived, is often
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also referred to as the central ray direction. The cen-
troid 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.

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 tele-
centricity 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 an-
gle value, which can vary between zero and the greatest

marginal angle value.

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 o settings or partially coherent set-
tings are also referred to. In the specialist literature,
the outer o of a setting is intended to mean the ratio of
the sine of that angle to the sine of the greatest mar-
giﬁal angle, at which the light-filled region in the exit
pupil ends abruptly. With this definition of the outer o©
of a setting, however, the conditions in real illumina-

tion optics are neglected, in particular the existence of
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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 applica-
tion, the proposed definition of the outer o 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, con-
trary to the textbook definition of the outer o of a set-
ting as explained above, for the reasons explained above
the outer o 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, the following therefore
applies:

[e]

outer o = angle value(90% intensity)/sin(y).

In general, owing to the imaging errors of the illumina-
tion optics, different values which may lie between zero
and a few mrad are found for the telecentricity with dif-
ferent o settings and for the principal ray telecentric-

ity for a given object field point.
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The principal ray telecentricitonf an object field point
is intended to mean the angle of the principal ray rela-
tive 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.

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 distribu-
tion in the exit pupil which has not only an outer o for
delimitation of the light in the exit pupil, but also an
inner o. The inner o of a setting describes the extent of
central shadowing or obscuration in the exit pupil. In
the specialist literature, the inner o 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 re-
spect of the outer o, this definition of the inner o of a
setting is very suitable for illumination optics in which
the settings are produced by stops in the pupil planes.
For the inner o of a setting for all other illumination
optics, contrary to this definition, in the scope of this
application, the inner o 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 in-
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tensity of the exit pupil lies. For all other illumina-
tion optics, the following therefore applies: inner o =

angle value(10% intensity)/sin(y).

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 pu-
pil being differently distorted by the imaging errors of
the illumination optics, or better expressed being dis-

tortedly imaged.

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 cen-
troid 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.

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 ellipticity be-
tween the desired intensity distribution and the achieved

intensity distribution.
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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 op-
tions for arranging the quadrants with respect to the co-
ordinate system in the object field plane with an x di-
rection 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 di-

vision is referred to as xy division.

In the second arrangement, the lines extend at 45° to the
xy coordinate system. The latter division of the exit pu-
pil is named HV division, since the quadrants lie in
horizontal (H) and vertical (V) directions with respect

to the object field.

An ellipticity of an intensity distribution in an exit
pupil is now intended to mean the magnitude value, multi-
plied 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.

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, 1s the difference in the pole balance
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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 correspond-
ingly 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 di-
vided 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 differ-
ence 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.

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 optics, position of parts of
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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 op-
tics, 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, in-
tensity 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 combina-

tion of the said properties.

Light sources with wavelengths of between 365 nm and 3 nm
may be envisaged as light sources for a projection expo-
sure apparatus for microlithography, in particular high-
pressure mercury vapour lamps, lasers, for example exci-
mer lasers, for example ArF,, KrF, 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.

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 illumina-

tion ray bundle in the plane of the multi-mirror array
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(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 distri-
bution 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 mov-
ing time average is correspondingly a moving average
value over a particular exposure time of a continuous

light source (see below).

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 av-
eraged 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.

A moving ensemble average is intended to mean the moving

average value of a quantity over an ensemble of a number
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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 ensem-
ble 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 con-
tinuous 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 con-

sidered.

The number n of light pulses of the ensemble, or the par-
ticular exposure time, is determined according to how
many light pulses or what exposure time is or are re-
quired for the exposure of an image field point of the
workpiece to be exposed. Depending on the projection ex-
posure apparatus, ranging from projection exposure appa-
ratus 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.

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 o 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
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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 illumi-
nation or imaging conditions prevailing during the expo-
sure process with the necessary light pulses of the en-

semble or the necessary exposure time.

A further, second solution of the aforementioned first
object of the present invention is provided by the first
projection exposure apparatus mentioned in the introduc-

tion, i.e. a projection exposure apparatus

- having illumination optics for illuminating an ob-
ject 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(y)
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
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the associated exit pupils of the object field

points,

the illumination optics containing at least one op-
tical system for temporally stabilising the illumi-

nation of the multi-mirror array (MMA)

so that, for each object field point, a first ad-
justed intensity distribution in the associated

exit pupil deviates from a second adjusted inten-
sity distribution in the associated exit pupil by
less than the value 0.1 in the outer and/or inner

C.

According to the invention, a rapid change between annu-
lar settings which differ only slightly in the outer
and/or inner o, by means of a projection exposure appara-
tus having a multi-mirror array (MMA), can be produced
particularly well when temporal stabilisation of the an-
nular 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).

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 rep-

licating the light mixing properties of a DOE, as already
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described in connection with the first projection expo-
sure apparatus according to the invention. It is there-
fore possible for a change, intended by the user of the
projection exposure apparatus, between two annular set-
tings differing only slightly in the outer and/or inner o
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 in-
vention can therefore change rapidly as well as accu-
rately, 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 o.

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 with

the aid of the drawings.

It is a further, second object of the present invention
to refine illumination optics for a projection exposure
apparatus for microlithography having a multi-mirror ar-
ray (MMA) of the type mentioned in the introduction, in
particular so that an intensity distribution in the exit
pupils of object field points of an object field of the

illumination optics is stabilised relative to temporal
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and/or spatial fluctuations of a light source of the pro-

jection exposure apparatus.

This object is achieved by the illumination optics men-
tioned in the introduction, i.e. by illumination optics
for a projection exposure apparatus for microlithography
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), and the temporal stabilisation
being carried out by superposition of illumination rays
of the illumination ray bundle on the multi-mirror array

(MMA) .

According to the invention, superposition of illumination

rays of an illumination ray bundle of a light source for
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the illumination of a multi-mirror array (MMA) advanta-
geously leads to temporal stabilisation of the illumina-
tion and therefore to stabilisation of the intensity dis-
tribution in the exit pupils relative to temporal and/or
spatial fluctuations of a light source of the projection

exposure apparatus.

Further advantages and features of the invention may be
found in the dependent claims relating to the proposed
illumination optics according to the invention, and in
the description of the exemplary embodiments with the aid

of the drawings.

It is a further, third object of the present invention to
refine a multi-mirror array (MMA) for illumination optics
for a projection exposure apparatus of the type mentioned
in the introduction, the multi-mirror array (MMA) being
intended to be suitable for rapidly changing the struc-
turing of exit pupils of object field points of illumina-

tion optics of a projection exposure apparatus.

This object is achieved by the multi-mirror array (MMA)
mentioned in the introduction, which is suitable for il-
lumination optics for a projection exposure apparatus for
microlithography having an operating light wavelength A

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
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value sin(a) and having a minimum edge length, the mini-

mum edge length being greater than 200 [mm*nm]*sin(a)/A.

The Inventors have discovered that a rapid change between
two annular settings which differ only slightly in the
outer and/or inner o, 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 pm and a maximum tilt angle of more than 4° is avail-
able for this with a wavelength of for example 193 nm.
This 1is 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 ac-
commodated in an installation space acceptable to the

user, as the following considerations will show.

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°.

The spot of diameter of an individual mirror of the
multi-mirror array (MMA) is given, for ideal Fourier op-
tics 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



10

15

20

25

WO 2009/080279 PCT/EP2008/010801

- 28 -

illumination ray bundle which leaves the individual mir-
ror. 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 meas-
ure of the resolution or graduation in the pupil plane. A
low divergence angle and a high maximum tilt angle there-
fore ensure high resolution in the pupil, as is necessary
for changing between annular settings with only a small
difference in the outer or inner o. A low divergence an-
gle 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.

A multi-mirror array (MMA) having a large number of mir-
rors in excess of 40,000 can with a very low divergence
angle ensure that a region of an exit pupil is illumi-
nated 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 appa-
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ratus for microlithography having about 40,000 mirrors
can currently be implemented 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 reso-
lution in the pupil. Such multi-mirror arrays (MMA) like-
wise can currently be implemented technologically only

with great difficulty.

Besides the resolution in the pupil, the size of the pu-
pil is also a constraint which should be taken into ac-

count.

In a pupil plane of illumination optics, there is gener-
ally a field defining element (FDE) with intrinsic light
mixing or a refractive optical element (ROE) with subse-
quent light mixing in a subsequent field plane. The light
mixing serves in both cases to generate homogeneous illu-
mination of the object field of the illumination optics.
The functional configuration of these elements in the pu-
pil 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 in-
creased 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
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the subsequent pupil plane, technical installation space
limits are conventionally placed on any arbitrary in-

crease of the focal length.

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 illu-
mination optics leads to a reduction in the throughput of
substrates or wafers of a projection exposure apparatus.
The extraneous light in the pupil, for exampleé caused by
scattered light or ghost images, leads in the worst case
to certain desired structurings of the exit pupil not be-
ing achievable. As a rule, the extraneous light in the
pupil will also lead to a change not being possible be-
tween annular settings which differ only slightly in the
outer or inner o, 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 A of the illumination light of

the projection exposure apparatus.

Besides the aforementioned constraints, the costs of il-
lumination optics should be taken into account as a fur-

ther constraint. It follows from this that a multi-mirror
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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 deter-
mine 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.

The present invention utilises the above discoveries in
the multi-mirror array (MMA) according to the invention
for illumination optics having a operating light wave-
length A in the units [nm]. Each mirror of the multi-
mirror array (MMA) is in this case rotatable about at
least one axis through a maximum tilt angle value sin ()
and has a minimum edge length, the minimum edge length
being greater than 200 [mm*nm]*sin(a)/A. An advantage
thereby obtained with illumination optics having such a
multi-mirror array (MMA) according to the invention is
that it allows a rapid change of the structuring of exit
pupils of object field points of illumination optics of a
projection exposure apparatus, which differ only slightly
in the outer and/or inner o. This change takes place ac-

curately, temporally stably and reproducibly.

Further advantages and features of the invention may be
found in the dependent claims relating to the proposed

multi-mirror array according to the invention, and in the
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description of the exemplary embodiments with the aid of

the drawings.

It is a further, fourth object of the present invention
to refine an optical system for homogenising illumination
of a multi-mirror array (MMA) of illumination optics for

a projection exposure apparatus for microlithography.

This fourth object is achieved by the optical system men-
tioned in the introduction for homogenising illumination
of a multi-mirror array (MMA) of illumination optics for
a projection exposure apparatus for microlithography. The
optical system according to the invention in this case
has an illumination ray bundle with a divergence and an
illumination light direction from the light source to the
multi-mirror array (MMA), the divergence of the illumina-
tion ray bundle in the illumination light direction after
the optical system being less than five times the diver-
gence of the illumination ray bundle before the optical

system.

The Inventors of the present invention have discovered
that spatial homogenisation of the illumination of a
multi-mirror array (MMA) of illumination optics by an op-
tical system according to the invention of the illumina-
tion optics ensures temporal stabilisation of the illumi-
nation on the multi-mirror array (MMA) and therefore tem-
poral stabilisation of the intensity distribution in the

exit pupils. The illumination of the multi-mirror array
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(MMA) and the intensity distribution in the exit pupils
are therefore decoupled by the homogenising optical sys-
tem from the temporal and/or spatial fluctuations of the
light source of the projection exposure apparatus. As
mentioned above in the discussion of the relationship of
the full divergence angle and the resolution in the pu-
pil, the Inventors have furthermore discovered that the
optical system for homogenising the illumination on the
multi-mirror array (MMA) must not substantially increase
the divergence of the illumination ray bundle, since oth-
erwise the necessary resolution is not obtained in the
pupil for a change of annular settings, which differ only

to a small extent in the outer and/or inner o.

Further advantages and features of the invention may be
found in the dependent claims relating to the proposed
optical system according to the invention, and in the de-
scription of the exemplary embodiments with the aid of

the drawings.

It is a further, fifth object of the present invention to
refine an optical conditioning unit for conditioning an
illumination ray bundle of a laser for illumination op-

tics for a projection exposure apparatus for microlitho-

graphy.

This fifth object is achieved by the optical conditioning
unit mentioned in the introduction for conditioning an

illumination ray bundle of a laser for illumination op-
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tics for a projection exposure apparatus for microlitho-
graphy. The laser in this case has more than one coherent
laser mode and a laser output. Furthermore, the illumina-
tion ray bundle has a divergence, a ray or bundle profile
and a polarisation state, the optical conditioning unit

according to the invention modifying at least the diver-
gence and/or the ray or bundle profile and/or the polari-
sation state of the illumination ray bundle between the

laser output and the multi-mirror array (MMA).

The Inventors have discovered that under certain circum-
stances 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 can be carried out between two an-
nular settings or desired intensity distributions in the
exit pupils, which differ only slightly in the outer
and/or inner o. 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 illumi-
nation ray bundle, see the above discussion about the ef-
fect of the number of mirrors on the stabilisation of an

intensity distribution in the exit pupils and about the
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effect of the full divergence angle of a part of the il-
lumination 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 pu-

pils.

Further advantages and features of the invention may be
found in the dependent claims relating to the proposed
optical conditioning unit according to the invention, and
in the description of the exemplary embodiments with the

aid of the drawings.

It is a further, sixth object of the present invention to
provide a method for the microlithographic production of
microstructured components, as well as a component which

can be produced thereby.

This object is achieved according to the invention by a
method for the microlithographic production of micro-

structured components, having the following steps:

- providing a substrate, onto at least some of which a
layer of a photosensitive material is applied,
- providing a mask, which comprises structures to be im-

aged, and/or
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- providing an optical conditioning unit for illumination

optics, and/or

- providing an optical system for illumination optics,

and/or

- providing a multi-mirror array for illumination optics,

and/or

- providing illumination optics for a projection exposure

apparatus, and/or
- providing a projection exposure apparatus,

- projecting at least a part of the mask onto a region of
the layer with the aid of projection optics of the pro-

jection exposure apparatus,

as well as by a microstructured component which is pro-

duced by such a method.

In one embodiment the optical system, which is configured
to produce a temporal modification of the incoherent su-
perposition, comprises a mirror, which has a mirror sur-
face, 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 illumi-
nation ray bundles are tiltéd as well and obliquely im-

pinge on the optical integrator. This results in a lat-
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eral 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 intensi-
ties which occur if the first channel plate focuses the

illumination ray sub-bundles on the second channel plate.

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 su-
perposition 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.

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 con-
figured 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 oscil-
lations, it is possible 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 il-
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lumination ray/gub—bundles has a strong effect on the
size of the illuminated area on the channels of the sec-
ond channel plate. If this divergence varies as a result
of various influences, for example changing optical prop-
erties of optical elements as a result of heating ef-
fects, the amplitudes of the rotary oscillations may be

adapted to the changing needs.

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 polari-

zation manipulator.

Advantages of these subject-matters may be found from the
advantages indicated above in connection with the projec-
tion exposure apparatus, the illumination optics, the
multi-mirror array (MMA), the optical system and the op-
tical conditioning unit, and in the description of the

exemplary embodiments with the aid of the drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

Various features and advantages of the present invention

may be more readily understood with reference to the fol-

lowing detailed description taken in conjunction with the

accompanying drawing in which:

Fig.

Fig.

Fig.

Fig.

Fig.

1

schematically shows a projection exposure appa-
ratus for microlithography having illumination
optics with a rod as an integrator as prior

art;

schematically shows a projection exposure appa-
ratus for microlithography having illumination
optics with an FDE as an integrator as prior

art;

schematically shows a pupil forming unit ac-
cording to the invention of illumination optics
according to the invention having a multi-

mirror array (MMA) according to the invention;

schematically shows an optical system according
to the invention for stabilising the illumina-
tion of a multi-mirror array (MMA) according to

the invention;

schematically shows an optical system according

to the invention for stabilising the illumina-
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tion of a multi-mirror array (MMA) according to
the invention with an intensity distribution
over the multi-mirror array according to the

invention;

schematically shows an optical system according
to the invention for stabilising the illumina-

tion of a multi-mirror array (MMA) according to
the invention with a periodic phase element ac-

cording to the invention;

schematically shows an optical system according

to the invention for stabilising the illumina-

tion of a multi-mirror array (MMA) according to

the invention with a phase element according to

the invention having a random phase profile;

schematically shows an optical system according
to the invention for stabilising the illumina-

tion of a multi-mirror array (MMA) according to
the invention with a rotating phase element ac-

cording to the invention;

schematically shows a beam path of an illumina-
tion ray bundle as far as the first pupil plane
after the pupil forming unit according to the

invention;
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schematically shows a beam path of an illumina-
tion ray bundle as far as the first pupil plane
after the pupil forming unit according to the
invention with a lens array according to the

invention;

schematically shows a conditioning unit accord-
ing to the invention for conditioning the illu-
mination of a multi-mirror array (MMA) accord-
ing to the invention with a mixing and/or scat-

tering element according to the invention;

schematically shows a conditioning unit accord-
ing to the invention for conditioning the illu-
mination of a multi-mirror array (MMA) accord-

ing to the invention with a mixing and/or scat-
tering element according to the invention and a

symmetrising unit according to the invention;

schematically shows a symmetrising unit accord-
ing to the invention for a conditioning unit

according to the invention;

schematically shows a conditioning unit accord-
ing to the invention for conditioning the illu-
mination of a multi-mirror array (MMA) accord-
ing to the invention with a mixing and/or scat-

tering element according to the invention and a
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symmetrising unit according to the invention

and a stop according to the invention;

schematically shows a phase element according
to the invention for a conditioning unit ac-

cording to the invention;

schematically shows an optical system according
to the invention for stabilising the illumina-
tion of a multi-mirror array (MMA) according to
the invention with a honeycomb condenser ac-
cording to the invention as an integrator ac-
cording to the invention and tele- or relay op-

tics according to the invention;

schematically shows an optical system according
to the invention for stabilising the illumina-
tion of a multi-mirror array (MMA) according to
the invention with a rod according to the in-
vention or a light guide according to the in-
vention as an integrator according to the in-
vention and tele- or relay optics according to

the invention;

schematically shows an optical system according
to the invention for stabilising the illumina-
tion of a multi-mirxror array (MMA) according to
the invention with a plate mixer condenser ac-

cording to the invention as an integrator ac-
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cording to the invention and tele- or relay op-

tics according to the invention;

schematically shows an optical system according
to the invention for stabilising the illumina-
tion of a multi-mirror array (MMA) according to
the invention with a cube mixer according to
the invention as an optical conditioning unit
according to the invention, which simultane-
ously serves as a simple integrator according
to the invention, and tele- or relay optics ac-

cording to the invention;

schematically shows a meridional section
through an optical system according to another
embodiment of the invention for stabilizing the
illumination of a multi-mirror array, compris-
ing a mirror which is capable of performing ro-

tary oscillations; -

Figs. 21 to 23 schematically show the illumination of a

Fig. 19
5
10

Fig. 20
15
20

Fig. 24
25

honeycomb condenser comprising two channel
plates at three different instants, at which
illumination ray sub-bundles impinge under dif-
ferent angles of incidence on the first channel

plate;

schematically shows a cross-section through a

mixing element according to an embodiment in
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which evanescent waves propagate between two

‘rods spaced apart by a small distance;

Fig. 25 schematically shows a mixing unit comprising a
plurality of mixing elements as shown in Fig.

24;

Fig. 26 schematically shows a mixing element according
to another embodiment in which two rods are
spaced apart by a thin layer of water or an-

other dielectric medium;

Fig. 27 schematically shows a mixing element according
to a still further embodiment comprising a slab

similar to a Lummer-Gehrke plate.

DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 schematically shows an example of a prior art pro-
jection 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 op-
tics and generates an illumination angle diétribution ac-
cording to diffractive structures that are contained in
the diffractive optical element 3a. Then, with the illu-

mination angle distribution imposed by the diffractive
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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 ar-
ranged 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 schemati-
cally represented by a axially displacable lens 22 and a
pair of axicon elements 21. By retracting the axicon ele-
ments 21 from one another, it is possible to adjust the
inner o of a setting, or the borders of the cross section
of the illumination ray bundle of an illumination set-
ting. On the other hand, by changing the focal iength 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 o of an illumination setting, or gen-
erally the outer border of the illumination ray bundle
cross section. By suitable configuration of the diffrac-
tive 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 inten-
sity distribution at the output of the optical module 2,
namely in the pupil plane arranged in the vicinity of the

refractive optical element 3b.

The refractive optical element 3b imposes a field angle
distribution on this intensity distribution of the illu-
mination ray bundle 12 in the pupil plane, in order to
obtain a desired field shape in a field plane, for exam-

ple a rectangular field shape with an aspect ratio of
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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 illu-
mination optics and has an illumination angle distribu-
tion 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 con-
trast to the field at the diffractive element 3a, the
field 5e has the full geometrical flux of the illumina-
tion optics. This geometrical flux is the result of a
twofold introduction of geometrical fluxes. First, geo-
metrical flux for the pupil is introduced by the diffrac-
tive optical element 3a in order to adjust the illumina-
tion 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 illumina-
tion optics is available subsequent to the optical ele-

ment 3b.

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
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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 dis-
tribution over the field since the light of many secon-

dary light sources is superposed in this field 5a.

A field stop 51 delimits the field 5a in its lateral ex-
tent 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.

In the pupil region 62 of the REMA objective, for exam-
ple, 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 illumi-

nation angle distribution of the field 5a is thereby also
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transferred into a corresponding illumination angle dis-
tribution 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.

In general, a REMA objective 6 illuminates the reticle or
field plane 7 telecentrically, i.e. the illumination an-
gle distribution of every object field point is symmetri-
cal 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 for-
ward 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 ob-
ject field point multiplied by the distance of the exit
pupil.
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The object field plane 7 represents the dividing plane

between illumination optics and projection optics, for

"example a projection objective 8, of a projection expo-

sure apparatus. The illumination optics have the task of
homogeneously illuminating a field delimited with sharp
edges, and thereby producing a desired illumination angle
distribution or exit pupil of an object field point ac-

cording to the specifications.

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.

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 im-
age 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 objec-
tive 8 into corresponding exposed regions of the photo-
sensitive layer. Generally speaking, there are two dif-
ferent types of projection exposure apparatus in this-

case, the so-called stepper in which the entire mask
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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 sub-

strate in this case correspondingly being moved in a syn-

chronised fashion in order to transfer the entire mask.

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 ex-
posure process step. These process steps are repeated un-
til the finished microchip, or the finished microstruc-

tured component, is obtained.

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.

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 hon-
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eycomb condenser, generation of the secondary light
sources. The field defining element 3c in Fig. 2 there-
fore 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.

Fig. 3 schematically shows a pupil forming unit according
to the invention for illumination optics for a litho-
graphic projection exposure apparatus, as is represented
for example in Fig. 1 or 2. Here, the pupil forming unit
according to the invention in Fig. 3 serves as a replace-
ment for the pupil forming unit 2 of this projection ex-
posure apparatus according to Figs 1 or 2. Use of the pu-
pil forming unit of Fig. 3 is however not limited to
these projection exposure apparatus as represented in

Fig. 1 or 2.

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
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of the field defining element 3c. Instead of the diffrac-
tive optical element 3a of Figs. 1 and 2, a multi-mirror
array (MMA) 38 produces an illumination angle distribu-
tion which is superposed in the pupil plane 44 to form an
intensity distribution in this pupil plane. This inten-
sity distribution of the pupil planes 44 corresponds to
the intensity distribution in the exit pupil, or the il-
lumination angle distribution of an object field point,

so long as ideal Fourier optics are assumed.

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
associéted 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 princi-

pal rays, the pupil plane 44.
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Fig. 4 shows the section of Fig. 3 between the plane
folding mirror 30 and the multi-mirror array 38 schemati-
cally 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 rays of the il-
lumination ray sub-bundle are represented in the form of
solid and dashed lines, and the optical axis is repre-
sented 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.

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 il-
lumination rays of the illumination ray sub-bundle in the

form of the solid line. This divergence is represented
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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.

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.

Fig. 5 shows how two iilumination ray sub-bundles (indi-
cated 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-
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mirror array 38, even though they come from two different

honeycomb channels.

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 super-
posed 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.

Fig. 6 schematically shows an embodiment 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.

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 honey-
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comb condensér 32 are mutually shifted in phase, so that,
in addition to the first spatially periodic intensity
distribution 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 distribu-
tions 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 be-
tween the maximum value and an average value. This means
that owing to its periodic phase function, the phase ele-
ment 33a leads to a reduction in the spatial interference
phenomena over the multi-mirror array 38 due to the spa-
tial coherence of the illumination ray sub-bundles. What
has been said applies accordingly for the lower illumina-
tion 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.

Fig. 7 schematically shows an alternative embodiment in
which a phase element 33b having an arbitrary phase func-
tion 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
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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 con-
denser 32. Owing to the tilting before the honeycomb con-
denser 32, the two mutually spatially coherent illumina-
tion ray sub-bundles originating from the incident illu-
mination 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 in-

tensity distribution over the multi-mirror array.

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 illumina-
tion ray sub-bundles, are reduced not by two spatially
coherent illumination ray sub-bundles contributing to two
separate, mutually spatially shifted intensity distribu-
tions 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
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phase element 33b relative to the periodic intensity dis-
tribution of other spatially coherent illumination ray

sub-bundles.

Fig. 8 schematically shows another embodiment in which a
phase element 33c reduces the effect of the spatial co-
herence 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 in-
tensity distribution on the multi-mirror array 38 mi-
grates 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 dis-
tribution 100c¢c shown in Fig. 8 represents an instantane-
ous 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 ele-
ment 33c rotates, this intensity distribution 100c peri-
odically moves over the mirror array 38, as it is indi-
cated by the double arrow shown in Fig. 8. Thus the in-
tensity 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 mir-
ror of the multi-mirror array being averaged out over

time.

Fig. 9 schematically shows beam paths of the illumination

ray bundle 12. The rays enter the honeycomb condenser 32,
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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 con-
denser 32. The dot-and-dash line in Fig. 9 represents the

optical axis.

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 ar-
ray 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.

The condenser 42, which is arranged after the multi-
mirror array in the propagation direction of the illumi-
nation ray bundle 12, is optional and may be omitted,

particularly if curved mirrors 38s are used.
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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 ar-
ray 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 su-
perposed 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.

Fig. 11 schematically shows another empbodiment of the in-
vention. 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 pu-
pil forming unit of this embodiment comprises a diffrac-
tive optical element 3d and a condenser or Fourier optics
34. The multi-mirror array 38 of this embodiment com-

prises individual mirrors 38s as shown in the detail im-
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age. The individual mirrors 38s can be tilted about one
or more axes. It 1is thus possible for the light rays in-
cident on the individual mirrors 38s to be reflected in

different, adjustable emergence directions.

The diffractive optical element 3d has the task of decom-
posing the illumination ray bundle 12 into a large plu-
rality 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 mir-

rors 38s of the multi-mirror array 38.

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 cer-
tain 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 pu-
pil forming unit comprising the DOE 3d, the condenser 34

and the multi-mirror array 38, according to Fig. 11, su-
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perposition of the two intensity profiles 402 and 403

takes place.

Fig. 13 schematically shows a detail of an embodiment of
an optical conditioning unit 400 that is used in the em-
bodiment shown in Fig. 12 and produces symmetrical inten-
sity 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 in-
dicated in 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 condi-
tioning unit 400, the illumination ray bundle has an in-
tensity profile 402 and is linearly polarised with a po-
larization direction perpendicular to the plane of the

drawing.

The other part of the illumination ray bundle 12 is re-
flected at the semitransparent mirror 505 while preserv-
ing 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 A/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 bun-
dle 12 is thereby converted into a circular polarisation

(not represented). This converted part of the illumina-
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tion ray bundle 12 is subsequently reflected at the mir-
ror 501 and again passes through the X/4 plate 502 on its
return path. The circular polarisation of the light 1is
thereby converted into a linear polarisation with a po-
larization direction parallel to the plane of the draw-

ing.

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 A/2 plate 503 rotates the polarisa-
tion 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 po-
larisation 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.

Fig. 14 shows an embodiment which differs from the em-
bodiment shown in Fig. 12 in that an additional stop de-
vice 600 is provided. The stop device 600 is used to de-
limit the illumination ray bundle 12 having the sym-
metrized intensity profiles 402 and 403, so that any
scattered light generated in the conditioning unit 400

can advantageously be stopped out.
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Fig. 15 schematically shows ‘a phase element 701 which may
optionally be arranged in front of the diffractive opti-
cal 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 ele-
ment with a freeform surface, serves to adapt the wave-
front 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 illu-
mination optics of a projection exposure apparatus for
microlithography. By modifying the curvature of the wave-
front 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.

Fig. 16 schematically shows a pupil forming unit accord-
ing to the invention comprising a honeycomb condenser 32,

condenser or relay or tele-optics 34, a lens array 36 and
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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 nec-
essary 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 tech-
nical installation space reasons, it is therefore expedi-
ent for this condenser or relay optics 34 having a large

focal length to be folded by prisms or mirrors.

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.

Fig. 18 schematically shows another embodiment of a pupil
forming unit according to the invention. In this embodi-
ment 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 in-
strument 32b in Fig. 18. The two thin plates placed mutu-
ally perpendicularly ensure the desired light mixing ef-

fect on the multi-mirror array 38.
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In the embodiment shown in Fig. 18, an optional beam
forming unit 3la ensures adaptation of the size and the
divergence of the illumination ray bundle. It is indi-
cated by two section planes 31b perpendicular to the ray
propagation direction that elements according to the in-
vention of the pupil forming unit and/or of the condi-
tioning unit of the illumination optics may also lie be-
fore the housing wall of the illumination optics, indi-

cated by 31b.

Fig. 19 schematically shows another embodiment of a pupil
forming unit according to the invention. In this embodi-
ment an optical conditioning unit 32c is used to sym-
metrize an illumination ray bundle at the output of the
conditioning unit 32c without thereby resorting to the
polarisation properties of the light for the symmetriza-
tion. 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 il-
lumination ray sub-bundles mutually symmetrized with re-
spect to an axis along the propagation direction of the

light.

In the exemplary embodiment according to Fig. 19, it is

possible to dispense with further light mixing with the
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help of a further light mixing unit, for example a honey-
comb condenser or a rod. Combinations with the other
light mixing units, for example those mentioned, are nev-
ertheless 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 ac-
cording 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.

Fig. 20 schematically shows another embodiment of an op-
tical system which reduces the effect of the spatial co-
herence 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 illumina-
tion ray sub-bundles, the embodiment shown in Fig. 20
uses a mirror, which is capable of performing rotary os-
cillations, 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 draW—
ing 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 il-
lumination ray sub-bundles, as will become clear from the

following description:
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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 to-
wards Fourier optics 812. After having passed the Fourier
optics 812, the split off portion impinges on a diver-
gence measurement unit 814 which contains a position re-
solving sensor, for example a CCD sensor. The divergence
measurement unit 840 is configured to measure the diver-
gence of the split off portion of the illumination ray

bundle 12.

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
axié 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.
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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.

In the following the function of the optical system shown

in Fig. 20 will be explained:

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 po-
larization is converted into a circular state of polari-
zation. 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 instan-

taneous rotary angle of the mirror 820.

After being reflected from the mirror 820, the illumina-
tion 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 polariza-
tion of the illumination ray bundle 12 that has been re-
flected 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
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optics 826 and the honeycomb condenser 32, on the micro-

mirror array 38.

Due to the rotary oscillations of the mirror 820, the il-
lumination 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 oscilla-
tions of the mirror 820. In Fig. 20 this continuous tilt-
ing of the illumination ray sub-bundles is illustrated
for the illumination ray sub-bundle 121 in solid and

dashed lines.

The effect of this continuously oscillating tilting of
the illumination ray sub-bundles 121 will now be ex-
plained 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 il-
luminates a channel of the first channel plate. 828 of the
honeycomb condenser 32, converges towards the correspond-
ing channel of the second channel plate 830. At the in-
stant shown in Fig. 21, only a lower portion of a light
entrance surface 832 of this channel of the second chan-
nel plate 830 is illuminated by the illumination ray sub-

bundle 121.



10

15

20

25

WO 2009/080279 PCT/EP2008/010801

- 71 -

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 cen-
tral portion of the corresponding channel of the second
channel plate 830 is illuminated by the converging illu-

mination ray sub-bundle 821.

At a still later instant the illumination ray sub-bundle
121 is tilted such that an upper portion of the corre-
sponding channel of the second channel plate 830 is illu-
minated, 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 the maximum amplitude of the
rotary oscillations of the mirror 830. This is advanta-
geous 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 inten-
sities 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.

If the divergence of the illumination ray sub-bundle 121
does not vary during time, the focal length of the .chan-
nels of the first channel plate 828 may be determined
such that the focal points do not lie within the éhannels
of the second channel plate 830. However, under usual

circumstances variations of the divergence of the illumi-
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nation ray sub-bundles 121 cannot be completely pre-
vented. Under such conditions it is possible that the di-
vergence changes to an extent that leads to untolerable

intensities in the second channel plate.

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.

In order to avoid that, as a result of changes of the di-
vergence of the illumination ray sub-bundles 121, the il-
luminated 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 opti-
cal system measures the divergence of the incoming illu-
mination ray bundle 12 by means of the divergence meas-
urement 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 ac-
tuator 822 in such a manner that the conditions shown in
FIGS. 21, to 23 prevail, i. e. the light entrance sur-
faces 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 in-

tensities.
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In the following some alternative embodiments will be de-

scribed:

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.

In another embodiment, the mirror 820 does not perform
rotary oscillations. but is bent with the help of suit-
able actuators, with a bending axis extending perpendicu-

lar to the plane of the drawing sheet.

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 di-
rection 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.

In still another embodiment the relay optics 826 are dis-
pensed 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
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of the relay optics 826 significantly simplifies the de-

sign of the optical system.

In another alternative embodiment the quarter waveplate
818 is replaced by another polarization manipulator, for
example a polarization rotator that rotates the polariza-
tion direction by an angle of 45°. Such a polarization
rotator may comprise optically active materials, for ex-

ample.

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 evanes-

cent waves.

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



10

15

20

25

WO 2009/080279 PCT/EP2008/010801

- 75 -

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 eva-
nescent 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.

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.

Reference numeral 920 denotes a centroid ray of an illu-
mination 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 inci-

dence on its lateral surface 923 is greater than the
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critical angle, so that total internal reflection occurs

at this lateral surface 923.

If the ray 920 reflected from lateral surface 923 is in-
cident 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 im-
pinges on one of the first or second surfaces 914, 916 it

will be split into two rays in this manner.

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 pa-
rameters 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.

If a larger portion of the front end face 921 of the mix-
ing 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 di-
mension. One of the most prominent advantages of this em-
bodiment is that no light is lost at the optical bounda-

ries. The only light loss occurs as a result of light ab-
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sorption.within the rods 910, 912 which can be kept very

low if highly transparent optical media are used.

In order to reduce polarization dependencies, the light
bundles propagating through the mixing elements 903

should be in an s-state of linear polarization.

In one embodiment the illumination ray bundle has a wave-
length 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.

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.

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
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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.

The intensity distributions exemplarily illustrated at
the bottom of Fig. 25 show the inhomogeneities of the in-
tensity distribution of the illumination ray bundle be-

fore and after the mixing unit 950.

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.

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.
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Fig. 26 is a schematic cross-section through a light mix-
ing 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 be-
tween the first and second surface 1014, 1016 is not

filled by air or another gas (mixture), but by a dielec-

tric material, for example highly purified water or a di-

electric 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 or-
der of some tenth or several hundreds of nanometers, or
generally at a distance at which frustrated internal re-
flection occurs. This simplifies the production and

mounting of the rods 1010, 1012.

Since the dielectric medium arranged in the interspace
between the surfaces 1014, 1016 usually has a higher ab-
sorption for the illumination ray bundle than the mate-
rial 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.

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.
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Fig. 27 is a schematic cross—-section through a light mix-
ing 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 in-
ternal reflection at its surfaces. However, the angle of
incidence of the ray 1120 on the parallel lateral sur-
faces 1122, 1124 of the slab 1114 is determined such that
the angle of incidence is only close to the critical an-
gle. Thus at each reflection at one of the 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 refrac-
tive 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.

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 11123,

1112b and mirrors 1113a, 1113b are used.
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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 énd a
bandwidth of 1.5 pm, a=2.5 cm. Incidentally, the same
condition also applies to the embodiments shown in FIGS.

24 to 2o.

The pupil forming unit according to the invention of
Figs. 3, 9 and 10, the optical system according to the
invention of Figs. 4 to 8 and 16 to 247, and the optical
conditioning unit according to the invention of Figs. 11
to 14 provide a temporal stabilisation of the illumina-
tion of the multi-mirror array (MMA) 38 of illumination
optics for a projection exposure apparatus for micro-
lithography by the superposition of illumination ray sub-

bundles.

These various embodiments therefore show illumination op-
tics according to the invention for a projection exposure
apparatus for microlithography for the homogeneous illu-
mination 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,
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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 be-
ing carried out by superposition of illumination rays of
the illumination ray bundle on the multi-mirror array

(MMA) .

It is necessary to stabilise the illumination of the
multi-mirror array (MMA) in order to decouple this illu-
mination, 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.

By this decoupling, it is possible for the intensity dis-
tribution in the exit pupils of object field points, pro-
duced by a projection exposure apparatus having the pupil
forming unit according to the invention of Figs. 3, 9 and
10, the optical system according to the invention of
Figs. 4 to 8 and 16 to 27, and the optical conditioning
unit according to the invention of Figs. 11 to 14, to de-

viate only slightly from a desired intensity distribution
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in respect of the centroid angle value, the ellipticity

and the pole balance.

These said embodiments show a projection exposure accord-

ing to the invention 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(y) 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
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- in the case of a centroid angle value sin(p) by less
than two per cent expressed in terms of the greatest
marginal angle value sin(y) 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.

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 o or inner o from a second intensity distribu-

tion being produced.

The embodiments mentioned above therefore likewise show a
projection exposure apparatus according to the invention

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,
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“the illumination optics having, for each object field

point of the object field, an associated exit pupil with

a greatest marginal angle value sin(y) 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 the illumination of the

multi-mirror array (MMA),

so that for each object field point, a first adjusted in-
tensity distribution in the associated exit plane devi-
ates from a second adjusted intensity distribution in the
associated exit pupil by less than the value 0.1 in the

outer and/or inner o.

The multi-mirror array (MMA) 38 according to the inven-
tion of Figs. 3 to 12, 14 and 16 to 27 is configured ac-
cording to the considerations presented above in the in-
troduction 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 o. Furthermore the
multi-mirror array 38 according to the invention in the
said embodiments of the figures shown inter alia satis-

fies the requirements of the installation space of a pro-



10

15

20

WO 2009/080279 PCT/EP2008/010801

jection exposure apparatus and the requirements of a

minimum size of the pupil in the pupil plane 44.

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 A 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(a) and having a minimum edge length,

the minimum edge length being greater than

200 [mm*nm]*sin (o) /A.

The optical system according to the invention of Figs. 4
to 8 and 16 to 27 ensures homogenisation of this illumi-
nation, 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 ac-
cording to the invention in the said embodiments, for the
reasons mentioned above in the introduction to the de-
scription, introduce only little additional geometrical
flux in the form of an increased divergence of the illu-
mination. ray sub-bundles after the optical system accord-

ing to the invention.
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The said embodiments therefore show an optical system ac-
cording to the invention for homogenising illumination of
a multi-mirror array of illumination optics for a projec-
tion exposure apparatus for microlithography, having a
divergence of the illumination ray bundle and an illumi-
nation light direction from the light source to the
multi-mirror array (MMA), the divergence of the illumina-
tion ray bundle in the illumination light direction after
the optical system being less than five times the diver-
gence of the illumination ray bundle before the optical

system.

The optical conditioning unit according to the invention
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.

The said embodiments therefore show an optical condition-
ing unit according to the invention for conditioning an
illumination ray bundle of a laser for illumination op-
tics for a projection exposure apparatus for microlitho-
graphy, 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 po-
larisation 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
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bundle between the laser output and the multi-mirror ar-

ray (MMA).

The present invention is not restricted to the embodi-
ments mentioned in the patent claims, or to the embodi-

ments of the exemplary embodiments.

Such embodiments as result from a combination of features
of individual embodiments which fall within the patent
claims, or which are presented in the exemplary embodi-
ments described above, are also considered to be covered

by the invention.

An example which may be mentioned is the combination of
the embodiments according to Figs. 16 and 17, in which
case the integrators 32 and 32a may also be operated in
common by sequential arrangement in the light propagation
direction. Also to be indicated by way of example are the
many combination possibilities of the conditioning unit
400 which was described by way of example in connection
with Figs. 12 to 14, with an integrated 32 or 32a, in
which case the two units may be arranged successively in
the illumination ray bundle in any desired sequence in

the light direction before the multi-mirror array 38.

Furthermore, besides the embodiments which result from
combining features of individual embodiments described
above, embodiments according to the invention which are

likewise considered to be covered by the invention may



WO 2009/080279 PCT/EP2008/010801

also be obtained by interchanging features from different

embodiments.

The following sentences describe these and other aspects

of the present invention in more general terms. The ap-

plicant reserves the right to direct claims on any of the

aspects described by these sentences:

5
10
15

Illumination optics for a microlithographic projec-
tion exposure apparatus for illuminating object
field points of an object field in an object plane,

comprising:

a) a honeycomb optical integrator comprising two
plates each including a plurality of mi-

crolenses,

b). a ray bundle tilting device which is config-
ured to direct ray bundles onto the mi-
crolenses of the optical integrator with tem-

porally varying angles of incidence.

Illumination optics according to sentence 1,
wherein the device comprises a mirror, which has a
mirror surface, and an actuator which is configured
to produce movements of the mirror surface having a
movement component along an optical axis of the de-

vice.
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Apparatus according to Sentence 2, characterized in
that 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°.

Apparatus according to Sentence 1 or 2, character-
ized in that the optical system comprises a polari-
zation dependent beam splitting surface and a po-
larization manipulator which is arranged between

the beam splitting surface and the mirror.

Illumination optics for a projection exposure appa-
ratus for microlithography for the homogeneous il-
lumination 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,
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having an illumination ray bundle of illumination
rays between a light source and the multi-mirror

array (MMA),

characterised in that

the illumination optics contain at least one opti-
cal system for temporally stabilising illumination
of the multi-mirror array (MMA), the temporal sta-
bilisation being carried out by superposition of
illumination rays of the illumination ray bundle on

the multi-mirror array (MMA).

Illumination optics according to Sentence 5, having
a operating light wavelength A of the projection

exposure apparatus in the units [nm],

each mirror of the multi-mirror array being ro-
tatable about at least one axis through a maximum
tilt angle value sin(a) and having a minimum edge

length,

characterised in that

the minimum edge length is greater than

200 [mm*nm] *sin (o) /A.

Illumination optics according to Sentence 6, having

an illuminated object field surface of the object
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field with the size OF and an illuminated surface
of the multi-mirror array (MMA) with the size AF
and a greatest marginal angle value sin(y) of the

exit pupils of the object field points,

characterised in that

AF = c*sin(y’)/sin(a) *OF,

with a constant ¢ for which 0.1 < ¢ < 1, the maxi-
mum tilt angle value sin(a) of the mirrors of the
multi-mirror array (MMA) and a greatest marginal
angle value sin(y’) of the greatest marginal angle
values sin(y) of the exit pupils of the object
field points.

8. Illumination optics according to Sentence 7, char-
acterised in that a fill factor of the multi-mirror
array (MMA), as a ratio of a sum of the surface
contents of all illuminated mirrors to the illumi-

nated surface AF, is more than 10%.

9. Illumination optics according to one of Sentences 5
to 8, characterised in that an average reflectivity
of the mirrors of the multi-mirror array (MMA) for
an angle of incidence between 0° and 60° is more

than 25%.
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10.

11.

12.

13.

14.

Illumination optics according to Sentence 9, char-
acterised in that a standard deviation of the re-
flectivity of the mirrors of the multi-mirror array
(MMA) for an angle of incidence between 0° and 60°,
from the average reflectivity, is less than 50% ex-

pressed in terms of the average reflectivity.

Illumination optics according to one of Sentences 5
to 10, characterised in that at least one edge
thickness of a mirror of the multi-mirror array

(MMA) is more than 30 pm.

Illumination optics according to one of Sentences 5
to 11, the projection exposure apparatus being op-
erated as a so-called scanner, characterised in
that the intensity distribution of the exit pupils
of the object field points is modified during the

scan process.

Illumination optics according to one of Sentences 5
to 12, characterised in that the multi-mirror array
(MMA) comprises between 2000 and 40,000 micromir-

rors.

Illumination optics according to one of the preced-
ing sentences, characterised in that the multi-
mirror array (MMA) has a surface extent of from 2

cm® to 80 cm?.
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15.

l6.

17.

Illumination optics according to one of Sentences 5
to 14, having a greatest marginal angle value
sin(y) of the exit pupil of an object field point,
characterised in that an illuminated solid angle
range in the associated exit pupil of an object
field point, which is generated by a micromirror of
the multi-mirror array (MMA), 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(y) of the associated exit

pupil.

Illumination optics according to one of Sentences 5
to 15, having a greatest marginal angle value
sin(y) of the exit pupil of an object field point,
characterised in that a solid angle range in the
associated exit pupil of 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 mar-
ginal angle value of the associated exit pupil, by
at least two mirrors of the multi-mirror array
(MMA), in particular by at least four mirrors of

the multi-mirror array (MMA).

Illumination optics according to one of Sentences 5
to 16, characterised in that each individual mirror

of the multi-mirror array (MMA) can be adjusted
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18.

19.

20.

21.

within one tenth of a second, preferably within one

hundredth of a second, to a desired angle.

Illumination optics according to one of Sentences 5
to 17, characterised in that each individual mirror
of the multi-mirror array (MMA) comprises at least
one capacitive, piezoresistive or optical sensor
for measuring at least one mirror setting or at

least one mirror position.

Illumination optics according to one of Sentences 5
to 18, having a greatest marginal angle value
sin(y) of the exit pupil of an object field point,
characterised in that the greatest marginal angle
value sin(y) of the associated exit pupil of an ob-
ject field point for all object field points is
greater than 0.2.

Illumination optics according to one of Sentences 5
to 19, characterised in that the optical system is
configured for spatially homogeneous illumination

of the multi-mirror array (MMA).

Illumination optics according to Sentence 20, hav-
ing a divergence of the illumination ray bundle and
an illumination light direction from the light
source to the multi-mirror array (MMA), character-
ised in that the divergence of the illumination ray

bundle in the illumination light direction after
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22.

23.

24.

25.

26.

27.

the optical system is less than twice the diver-
gence of the illumination ray bundle before the op-

tical system.

Illumination optics according to one of the preced-
ing Sentences, characterised in that the optical

system comprises at least one optical integrator.

Illumination optics according to Sentence 22, char-
acterised in that the integrator is a honeycomb

condenser.

Illumination optics according to Sentence 23, char-
acterised in that the honeycomb condenser has a fo-

cal length of more than 5 m.

Illumination optics according to one of Sentences 5
to 24, characterised in that the optical system has
a telescopic beam path, and this telescopic beam

path is folded by at least one prism or a mirror.

Illumination optics according to one of Sentences
20 to 25, characterised in that the optical system
superposes illumination rays of the illumination

ray bundle on the multi-mirror array (MMA).

Illumination optics according to Sentence 26, char-

acterised in that incoherent superposition of an



10

15

20

WO 2009/080279 PCT/EP2008/010801

28.

29.

30.

31.

32.

illumination ray bundle incoherently on the multi- .

mirror array (MMA) is temporally modified.

Illumination optics according to Sentence 27, char-
acterised in that a temporal modification of the
incoherent superposition is achieved by a rotating

wedge plate.

Illumination optics according to Sentence 26 or 27,
characterised in that the optical system comprises
an optical element for scattering and/or an optical
element for mixing the illumination ray bundle to

give incoherent superposition.

Illumination optics according to Sentences 29,
characterised in that the scattering optical ele-
ment is a scattering disc with a scattering angle
of less than 1 mrad (HWHM) in particular less than

0.4 mrad (HWHM).

Illumination optics according to Sentence 29, char-
acterised in that the mixing optical element is a

diffractive optical element.

Illumination optics according to Sentence 26 or 27,
having an optical axis between a light source and

the multi-mirror array (MMA),
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33.

34.

35:

an illumination ray of the illumination ray bundle
having a height with respect to the optical axis in
a plane between the light source and the multi-
mirror array (MMA) perpendicularly to the optical

axis, characterised in that

phase lag of the illumination ray 1is introduced as
a function of the height of the illumination ray

with respect to the optical axis.

Illumination optics according to Sentence 32, char-
acterised in that the phase lag of the illumination
ray is produced by an optical phase element between

the light source and the multi-mirror array.

Illumination optics according to one of Sentences 5
to 33, having illumination rays of an illumination
ray bundle between a light source and the multi-
mirror array (MMA), the mirrors of the multi-mirror
array (MMA) having mirror surfaces, characterised
in that the optical system comprises at least one
optical device for concentrating illumination rays
of the illumination ray bundle on the mirror sur-
faces of the mirrors of the multi-mirror array

(MMA) .

Illumination optics according to Sentence 34, char-

acterised in that the optical device comprises a
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36.

37.

38.

lens array and/or a mirror array and/or a diffrac-

tive optical element (DOE).

Illumination optics according to one of Sentences 5
to 35, having a laser for generating an illumina-
tion ray bundle, the laser having more than one co-
herent laser mode and a laser output, and the illu-
mination ray bundle having a divergence, a ray or
bundle profile and a polarisation state, character-
ised in that the optical system comprises an opti-
cal conditioning unit for modifying at least the
divergence and/or the ray profile and/or the po-
larisation state of the illumination ray bundle be-
tween the output of the laser and the multi-mirror

array (MMA).

Projection exposure apparatus for microlithography
according to Sentence 36, characterised in that the
optical conditioning unit comprises at least-one
anamorphotic element and/or an aspherical element
and/or element with a freeform surface and/or a

DOE.

Illumination optics according to Sentence 36, char-
acterised in that the optical conditioning unit
comprises at least one mirror and/or a beam-

splitter surface.
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39.

40.

41.

42.

- 100 -

Illumination optics according to one of Sentences 5
to 38, characterised in that a multiplicity of the
mirrors of the multi-mirror array (MMA) have a bor-

der which consists of a polygon shape.

Illumination optics according to one of Sentences 5
to 38, characterised in that a multiplicity of the
mirrors of the multi-mirror array (MMA) have a bor-
der which allows the multiplicity of mirrors to be

arranged in a facetted manner.

Illumination optics according to one of Sentences

39 to 40, characterised in that

- the projection exposure apparatus is operated

as a so-called scanner,

- the border has at least one symmetry direction

and

- this symmetry direction is not parallel to the

scan direction.

Illumination optics according to one of Sentences 5
to 41, characterised in that a multiplicity of the
mirrors of the multi-mirror array (MMA) have a con-
cave or convex surface deviating from a plane sur-

face.
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43.

44.

45.

46.

47.

48.

- 101 -

Illumination optics according to one of Sentences 5
to 42, characterised in that at least one mirror
has a different surface content than another mirror

of the multi-mirror array (MMA).

Illumination optics according to one of Sentences 5
to 43, characterised in that at least one mirror
has a different surface curvature than another mir-

ror of the multi-mirror array (MMA).

Illumination optics according to one of Sentences 5
to 44, characterised in that at least one mirror
has a different shortest distance from the closest
neighbouring mirror than another mirror of the

multi-mirror array (MMA).

Illumination optics according to one of Sentences 5
to 45, characterised in that the illumination op-
tics are intended for operating at least two multi-
mirror arrays (MMA), which differ in at least one

property of a mirror.

Illumination optics according to Sentence 46, char-
acterised in that a device is provided for selec-
tive use of the at least two multi-mirror arrays

(MMA) .

Illumination optics according to Sentence 47, char-

acterised in that a device is provided for inter-
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49.

50.

51.

- 102 -

changing the at least two multi-mirror arrays

(MMA) .

Illumination optics according to Sentence 46, char-
acterised in that the at least two multi-mirror ar-

rays (MMA) can be operated simultaneously.

Multi-mirror array (MMA) for illumination optics
for a projection exposure apparatus for microlitho-
graphy, having a operating light wavelength A of
the projection exposure apparatus in the units

[nm],

each mirror of the multi-mirror array being ro-
tatable about at least one axis through a maximum
tilt angle value sin(a) and having a minimum edge

length,
characterised in that

the minimum edge length is greater than

200 [mm*nm]*sin (o) /A.

Multi-mirror array (MMA) for Illumination optics
according to Sentence 50, having a size of the sur-
face of the multi-mirror array (MMA) and a maximum
tilt angle value sin(a) of the mirrors of the

multi-mirror array (MMA),
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52.

53.

54.

- 103 -

characterised in that

the size of the surface of the multi-mirror array

is given by c*NA/sin (a) *OF,

with a constant ¢ for which 0.1 < ¢ < 1, the nu-
merical aperture of the illumination optics in an
object field plane, the maximum tilt angle value
sin(a) of the mirrors of the multi-mirror array
(MMA) and the size of the object field OF of the

illumination optics in the object field plane.

Multi-mirror array (MMA) for Illumination optics
according to Sentence 51, characterised in that a
fill factor of the multi-mirror array (MMA), as a
ratio of a sum of the surface contents of all mir-
ror surfaces to the size of the surface of the

multi-mirror array (MMA), is more than 10%.

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 50 to 52, character-
ised in that an average reflectivity of the mirrors
of the multi-mirror array (MMA) for an angle of in-

cidence between 0° and 60° is more than 25%.

Multi-mirror array (MMA) for Illumination optics
according to Sentence 53, characterised in that a
standard deviation of the reflectivity of the mir-

rors of the multi-mirror array (MMA) for an angle
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58.

59.

of incidence

reflectivity,

PCT/EP2008/010801

- 104 -

between 0° and 60°, from the average

is less than 50% expressed in terms

of the average reflectivity.

Multi-mirror
according to

ised in that

ror of the multi-mirror array

pm.

Multi-mirror
according to
ised in that

between 2000

Multi-mirror
according to

ised in that

surface extent of from 2 cm® to 80 cm?.

Multi-mirror
according to
ised in that
mirror array
of a second,
second, to a
Multi-mirror

according to

array (MMA) for Illumination optics

one of Sentences 50 to 54, character-

at least one edge thickness of a mir-

(MMA) is more than 30

array (MMA) for Illumination optics

one of Sentences 50 to 55, character-

the multi-mirror array (MMA) comprises

and 40,000 micromirrors.

array (MMA) for Illumination optics

one of Sentences 50 to 56, character-

the multi-mirror array (MMA) has a

2

array (MMA) for Illumination opﬁics
one of Sentences 50 to 57, character-
each individual mirror of the multi-
(MMA) can be adjusted within one tenth
preferably within one hundredth of a

desired angle.

array (MMA) for Illumination optics

one of Sentences 50 to 58, character-
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63.
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- 105 -

ised in that each individual mirror of the multi-
mirror array (MMA) comprises at least one capaci-
tive, pilezoresistive or optical sensor for measur-
ing at least one mirror setting or at least one

mirror position.

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 50 to 59, character-
ised in that a multiplicity of the mirrors of the
multi-mirror array (MMA) have a border which con-

sists of a polygon shape.

Multi-mirror array (MMA) for Illumination optics

according to one of Sentences 50 to 60, character-
ised in that a multiplicity of the mirrors of the
multi-mirror array (MMA) have a border which allows
the multiplicity of mirrors to be arranged in a

facetted manner.

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 102 to 103, charac-
terised in that a multiplicity of the mirrors of
the multi-mirror array (MMA) have a concave oOr con-

vex surface deviating from a plane surface.

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 61 to 62, character-

ised in that at least one mirror has a different
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64.

65.

66.

- 106 -

surface content than another mirror of the multi-

mirror array (MMA).

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 50 to 63, character-
ised in that at least one mirror has a different
surface curvature than another mirror of the multi-

mirror array (MMA).

Multi-mirror array (MMA) for Illumination optics
according to one of Sentences 50 to 64, character-
ised in that at least one mirror has a different
shortest distance from the closest neighbouring
mirror than another mirror of the multi-mirror ar-

ray (MMA).

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), character-
ised in that the divergence of the illumination ray
bundle in the illumination light direction after
the optical system is less than five times the di-
vergence of the illumination ray bundle before the

optical system.
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67.
68.

5
69.
10 70.
71.

15
72.

20

- 107 -

Optical system according to Sentence 66, character-
ised in that the optical system comprises at least

one optical integrator.

Optical system according to Sentence 67, character-
ised in that the integrator is a honeycomb con-

denser.

Optical system according to Sentence 68, character-
ised in that the honeycomb condenser has a focal

length of more than 5 m.

Optical system according to one of Sentences 66 to
69, characterised in that the optical system has a
telescopic beam path, and this telescopic beam path

is folded by at least one prism or a mirror.

Optical system according to one of Sentences 66 to
70, characterised in that the optical system super-
poses illumination rays of the illumination ray
bundle incoherently on the multi-mirror array

(MMA) .

Optical system according to Sentence 71, character-
ised in that incoherent superposition of an illumi-
nation ray bundle on the multi-mirror array (MMA)

is temporally modified.
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73.

4.

75.

16.

7.

- 108 -

Optical system according to Sentence 72, character-
ised in that a temporal modification of the inco-
herent superposition is achieved by a rotating

wedge plate.

Optical system according to Sentence 71 or 72,
characterised in that the optical system comprises
an optical element for scattering and/or an optical
element for mixing the illumination ray bundle to

give incoherent superposition.

bptical system according to Sentence 74, character-
ised in that the scattering optical element is a
scattering disc with a scattering angle of less
than 1 mrad (HWHM) in particular less than 0.4 mrad
(HWHM) .

Optical system according to Sentence 75, character-
ised in that the mixing optical element is a dif-

fractive optical element.

Optical system according to Sentence 71 or 72, hav-
ing an optical axis between a light source and the

multi-mirror array (MMA),

an illumination ray of the illumination ray bundle
having a height with respect to the optical axis in

a plane between the light source and the multi-
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8.

79.

80.

- 109 -

mirror array (MMA) perpendicularly to the optical

axis,

characterised in that a phase lag of the illumina-
tion ray is introduced as a function of the height
of the illumination ray with respect to the optical

axis.

Optical system according to Sentence 77, character-
ised in that the phase lag of the illumination ray
is produced by an optical phase element between the

light source and the multi-mirror array.

Optical system according to one of Sentences 66 to
78, having illumination rays of an illumination ray
bundle between a light source and the multi-mirror
array (MMA), the mirrors of the multi-mirror array
(MMA) having mirror surfaces, characterised in that
the optical system comprises at least one optical
device for concentrating illumination rays of the
illumination ray bundle on the mirror surfaces of

the mirrors of the multi-mirror array (MMA).

Optical system according to Sentence 79, character-
ised in that the optical device comprises a lens
array and/or a mirror array and/or a diffractive

optical element (DOE).
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82.

83.

84.

- 110 -

Optical conditioning unit for conditioning an illu-
mination ray bundle of a laser for illumination op-
tics for a projection exposure apparatus for micro-
lithography, the laser having more than one coher-
ent laser mode and a laser output, and the illumi-
nation ray bundle having a divergence, a ray or
bundle profile and a polarisation state, character-
ised in that the optical conditioning unit modifies
at least the divergence and/or the ray or bundle
profile and/or the polarisation state of. the illu-
mination ray bundle between the laser output and

the multi-mirror array (MMA).

Optical conditioning unit according to Sentence 81,
characterised in that the optical conditioning unit
comprises at least one anamorphotic element and/or
an aspherical element and/or element with a free-

form surface and/or a DOE.

Optical conditioning unit according to Sentence 81,
characterised in that the optical conditioning unit
comprises at least one mirror and/or a beam-

splitter surface.

Method for the microlithographic production of mi-
crostructured components, having the following

steps:
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providing a substrate, onto at least some of
which a layer of a photosensitive material is

applied,

providing a mask, which comprises structures to

be imaged,

providing a projection exposure apparatus ac-

cording to one of Claims 1 to 58,

projecting at least a part of the mask onto a
region of the layer with the aid of projection

optics of the projection exposure apparatus.

85. Method for the microlithographic production of mi-

crostructured components, having the following

steps:

providing a substrate, onto at least some of
which a layer of a photosensitive material is

applied,

providing a mask, which comprises structures to

be imaged,

providing illumination optics for a projection
exposure apparatus according to one of Sen-

tences 5 to 49,
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providing such a projection exposure apparatus,

projecting at least a part of the mask onto a
region of the layer with the aid of projection

optics of the projection exposure apparatus.

86. Method for the microlithographic production of mi-

crostructured components, having the following

steps:

providing a substrate, onto at least some of
which a layer of a photosensitive material is

applied,

providing a mask, which comprises structures to

be imaged,

providing a multi-mirror array for illumination

optics according to one of Sentences 50 to 65,

providing such illumination optics for a pro-

jection exposure apparatus,
providing such a projection exposure apparatus,

projecting at least a part of the mask onto a
region of the layer with the aid of projection

optics of the projection exposure apparatus.
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88.

- 113 -

Method for the microlithographic production of mi-
crostructured components, having the following

steps:

- providing a substrate, onto at least some of
which a layer of a photosensitive material is

applied,

- providing a mask, which comprises structures to

be imaged,

- providing an optical system for illumination

optics according to one of Sentences 66 to 83,

- providing such illumination optics for a pro-

jection exposure apparatus,

- providing such a projection exposure apparatus,

- projecting at least a part of the mask onto a
region of the layer with the aid of projection

optics of the projection exposure apparatus.

Method for the microlithographic production of mi-
crostructured components, having the following

steps:
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89.

- 114 -

- providing a substrate, onto at least some of
which a layer of a photosensitive material is

applied,

- providing a mask, which comprises structures to

be imaged,

- providing an optical conditioning unit for il-
lumination optics according to one of Sentences

8l to 83,

- providing such illumination optics for a pro-

jection exposure apparatus,
- providing such a projection exposure apparatus,
- projecting at least a part of the mask onto a
region of the layer with the aid of projection

optics of the projection exposure apparatus.

Microstructured component, which is produced by a

method according to one of Sentences 84 to 88.
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CLAIMS

1. Projection exposure apparatus for microlithography,

comprising:

- illumination optics for illuminating object
field points of an object field in an object

5 plane, wherein

-- the illumination optics have, for each ob-
ject field point of the object field, an
exit pupil associated with the object
point, wherein sin(y) is a greatest mar-

10 ginal angle value of the exit pupil, and

wherein

-- the illumination optics comprise a multi-
mirror array comprising a plurality of mir-
rors for adjusting an intensity distribu-

15 tion in exit pupils associated to the ob-

ject field points,

- projection optics for imaging the object field

on an image field in an image plane,

characterised in that
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the illumination optics contain at least one opti-
cal system for temporally stabilising illumination
of the multi-mirror afray so that, for each object
field point, the intensity distribution in the as-
sociated exit pupil deviates from a desired inten-

sity distribution in the associated exit pupil

- in the case of a centroid angle value sin(B) by
less than 2% expressed in terms of the greatest
marginal angle value sin(y) of the associated

exit pupil and/or,

- in the case of ellipticity by less than 2%,

and/or

- in the case of a pole balance by less than 2%.

2. Projection exposure apparatus for microlithography,

comprising:

- illumination optics for illuminating object
field points of an object field in an object

plane, wherein

-- the illumination optics have, for each ob-
ject field point of the object field, an
exit pupil associated with the object

point, wherein sin(y) is a greatest mar-
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ginal angle value of the exit pupil, and

wherein

-- the illumination optics comprise a multi-
mirror array comprising a plurality of mir-
rors for adjusting an intensity distribu-
tion in exit pupils associated to the ob-

ject field points,

- projection optics for imaging the object field

on an image field in an image plane,

characterised in that

the illumination optics contain at least one opti-
cal system for temporally stabilising the illumina-
tion of the multi-mirror array so that, for each
object field point, a first adjusted intensity dis-
tribution 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 o.

Apparatus according to Claim 1 or 2, characterized
in that it has an operating light wavelength A in
units [nm], and in that each mirror of the multi-
mirror array is rotatable about at least one axis

through a maximum tilt angle value sin(a) and has a
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minimum edge length which is greater than 200

[mm*nm]* sin(a) /A.

4. Apparatus according to Claim 3, characterized in
that the object field has an illuminated object
field surface having a size OF, and in that an il-
luminated surface of the multi-mirror array has a

size AF, wherein

AF = c*sin(y’)/sin(x) *OF,

hold, with ¢ being a constant with 0.1 < ¢ < 1,
sin(a) being the maximum tilt angle value of the
mirrors of the multi-mirror array, and sin(y’) be-
ing the greatest marginal angle value among the
greatest marginal angle values sin(y) associated to

the exit pupils of the object field points.

5. Apparatus according to Claim 4, characterised in
that
a fill factor of the multi-mirror array, which is
defined as a ratio of a sum of the surface contents
of all illuminated mirrors to the illuminated sur-

face AF, is more than 10%.

6. Apparatus according to one of the preceding claims,
characterised in that an average reflectivity of
the mirrors of the multi-mirror array for an angle

of incidence between 0° and 60° is more than 25%.
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Apparatus according to Claim 6, characterised in
that a standard deviation of the reflectivity of
the mirrors of the multi-mirror array from the av-
erage reflectivity is, for an angle of incidence
between 0° and 60°, less than 50% expressed in

terms of the average reflectivity.

Apparatus according to one of the preceding Claims,
characterised in that at least one edge thickness
of a mirror of the multi-mirror array is more than

30 pm.

Apparatus according to one of the preceding Claims,
characterised in that the apparatus is configured
for being operated as a scanner, and in that the
intensity distribution of the exit pupils of the
object field points are modified during the scan

process.

Apparatus according to one of the preceding claims,
characterised in that the multi-mirror array com-

prises between 2000 and 40,000 mirrors.

Apparatus according to one of the preceding claims,
characterised in that the multi-mirror array has a

surface between 2 cm® to 80 cm?.

Apparatus according to one of the preceding claims,

characterised in that an illuminated solid angle
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range in the exit pupil associated to an object
field point, which range is generated by a mirror
of the multi-mirror array, 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(y) of the associated exit

pupil.

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 mar-
ginal angle value of the associated exit pupil, by
at least two mirrors of the multi-mirror array, in
particular by at least four mirrors of the multi-

mirror array.

Apparatus according to one of the preceding claims,
characterised in that each individual mirror of the
multi-mirror array is configured to be adjusted

within one tenth of a second, preferably within one

hundredth of a second, to a desired angle.

Apparatus according to one of the preceding claims,
characterised in that each individual mirror of the
multi-mirror array comprises at least one capaci-

tive, piezoresistive or optical sensor for measur-
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ing at least one mirror setting or at least one

mirror position.

Apparatus according to one of the preceding claims,
characterised in that the greatest marginal angle
value sin(y) of the exit pupil associated to an ob-
ject field point is greater than 0.2 for all object
field points.

Apparatus according to one of the preceding claims,
characterised in that it has an illumination ray
bundle of illumination rays between a light source
and the multi-mirror array, the optical system car-
ries out temporal stabilisation of the illumination
of the multi-mirror array by superposition of illu-
mination rays of the illumination ray bundle on the

multi-mirror array.

Apparatus according to claim 17, characterised in
that the optical system is configured for spatially

homogeneous illumination of the multi-mirror array.

Apparatus according to claim 17 or 18, character-
ised in that the illumination ray bundle has a di-
vergence and an illumination light direction from
the light source to the multi-mirror array, wherein
the divergence of the illumination ray bundle in

the illumination light direction after the optical
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system is less than twice the divergence of the il-

lumination ray bundle before the optical system.

Apparatus according to one of the preceding claims,
characterised in that the optical system comprises

at least one optical integrator.

Apparatus according to Claim 20, characterised in

that the integrator is a honeycomb condenser.

Apparatus according to Claim 21, characterised in
that the honeycomb condenser has a focal length of

more than 5 m.

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.

Apparatus according to one of Claims 17 to 23,

characterised in that the optical system is config-
ured to produce an incoherent superposition of the
illumination rays of the illumination ray bundle on

the multi-mirror array.

BApparatus according to Claim 24, characterised in
that the optical system is configured to produce a
temporal modification of the incoherent superposi-

tion.
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Apparatus according to Claim 25, characterised in
that the optical system comprises a rotating wedge
plate which produces the temporal modification of

the incoherent superposition.

Apparatus according to Claim 24 or 25, character-
ised in that the optical system comprises, for'pro—
ducing the incoherent superposition, a scattering
element and/or a mixing element which mixes the il-

lumination ray bundle.

Apparatus according to Claim 27, characterised in
that the scattering element is a scattering disc
having a scattering angle of less than 1 mrad, in

particular less than 0.4 mrad.

Apparatus according to Claim 27, characterised in
that the mixing element is a diffractive optical

element.

Apparatus according to Claim 24 or 25, character-
ised in that is has an optical axis between a light
source and the multi-mirror array, and in that an
illumination ray of the illumination ray bundle has
a height with respect to the optical axis in a
plane between the light source and the multi-mirror
array perpendicularly to the optical axis, wherein

a phase lag of the illumination ray is introduced
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as a function of the height of the illumination ray

with respect to the optical axis.

Apparatus according to Claim 30, characterised in
that the phase lag of the illumination ray is pro-
duced by an optical phase element which is arranged
between the light source and the multi-mirror ar-

ray.

Apparatus according to one of the preceding claims,
characterised in that it has illumination rays of
an illumination ray bundle between a light source
and the multi-mirror array, the mirrors of the
multi-mirror array having mirror surfaces, and in
that the optical system comprises at least one op-
tical device for concentrating illumination rays of
the illumination ray bundle on the mirror surfaces

of the mirrors of the multi-mirror array.

Apparatus according to Claim 32, characterised in
that the optical device comprises a lens array
and/or a mirror array and/or a diffractive optical

element.

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 la-

ser output, and the illumination ray bundle having
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a divergence, a ray or bundle profile and a polari-
sation state, wherein the optical system comprises
an optical conditioning unit 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.

Apparatus according to Claim 34, characterised in
that the optical conditioning unit comprises at
least one anamorphotic element and/or an aspherical
element and/or element with a freeform surface

and/or a DOE.

Apparatus according to Claim 34, characterised in
that the optical conditioning unit comprises at

least one mirror and/or a beam-splitter surface.

Apparatus according to one of the preceding claims,
characterised in that a plurality of the mirrors of
the multi-mirror array have a borderline having the

shape of a polygon.

Apparatus according to one of Claims 1 to 36, char-
acterised in that a plurality of the mirrors of the
multi-mirror array have a borderline which allows
the multiplicity of mirrors to be arranged in a

facetted manner.
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Apparatus according to one of Claims 37 to 38,

characterised in that

- the projection exposure apparatus is configured

to be operated as a scanner,

- the borderline has at least one symmetry direc-

tion and

- this symmetry direction is not parallel to the

scan direction.

Apparatus according to one of the preceding claims,
characterised in that a plurality of the mirrors of
the multi-mirror array have a concave or convex

surface.

Apparatus according to one of the preceding claims,
characterised in that at least one mirror has a
different surface content than another mirror of

the multi-mirror array.

Apparatus according to one of the preceding claims,
characterised in that at least one mirror has a
different surface curvature than another mirror of

the multi-mirror array.

Apparatus according to one of the preceding claims,

characterised in that at least one mirror has a
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different shortest distance from the closest
neighbouring mirror than another mirror of the

multi-mirror array.

Apparatus according to one of the preceding claims,
characterised in that the illumination optics com-
prise at least two multi-mirror arrays, which dif-

fer in at least one property of a mirror.

Apparatus according to Claim 44, characterised in
that a device is provided for selective use of the

at least two multi-mirror arrays.

Apparatus according to Claim 44, characterised in
that a device is provided for interchanging the at

least two multi-mirror arrays.

Apparatus according to Claim 44, characterised in
that the at least two multi-mirror arrays can be

operated simultaneously.

Apparatus according to Claim 25, characterised in
that the optical system comprises a mirror, which
has a mirror surface, and an actuator which is con-
figured to produce a tilt of at least a portion of

the mirror surface.

Apparatus according to Claim 48, characterized in

that the actuator is configured to produce rotary
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oscillations.of the mirror around a rotary axis,
which is inclined to the optical axis by an angle

distinct from 0°.

Apparatus according to Claim 48 or 49, character-
ized in that the optical system comprises a polari-
zation dependent beam splitting surface and a po-
larization manipulator which is arranged between

the beam splitting surface and the mirror.

Apparatus according to claim 27, characterized in

that the mixing element comprises:

a) a transparent first rod having a first lat-

eral surface and

b) a transparent second rod having a second lat-
eral surface adjacent the first surface of

the first rod,

wherein the first surface and the second surface
are parallel to each other and are spaced apart by
a distance D which is so small that at least a sub-
stantial portion of light guided by total internal
reflection within the first rod couples into the

second rod as evanescent waves.

Apparatus according to Claim 51, characterized by

spacer elements that are arranged between the first
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and the second surface so as to keep them at the
distance D in that the first and the second rod

have rectangular cross-sections.

Apparatus according to Claim 51 or 52, character-
ized in that the distance D is smaller than 1 pm,

preferably smaller than 0.5 um.

Apparatus according to any of Claims 51 to 53,
characterized in that the distance D is determined

such that the portion is one half.

Apparatus according to claim 27, characterized in

that the mixing element comprises:

a) a transparent first rod having a first lat-

eral surface and

b) a transparent second rod having a second lat-
eral surface adjacent the first surface of

the first rod,

c) a beam splitting layer which i1s in contact
with the first surface and the second sur-

face.

Apparatus according to Claim 55, characterized in
that the beam splitting layer is formed by a lig-

uid, in particular by pure water.
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Apparatus according to Claim 55, characterized in
that the beam splitting layer is formed by a di-

electric beam splitting-layered structure.

Apparatus according to claim 27, characterized in

that the mixing element comprises:

a) a transparent rod having two parallel sur-
faces,
b) a ray bundle input coupling device which is

configured to couple a ray bundle into the
rod such that the ray bundle impinges on the
surfaces under an angle of incidence which is
close to the angle of incidence under which
total internal reflection occurs, thereby
achieving the effect that a portion of the
ray bundles is reflected by total internal
reflection, and another portion passes

through the surfaces.

Apparatus according to any of Claims 51 to 58,
characterized in that the mixing element comprises
a prism or a mirror arrangement that is configured
to tilt ray bundles emerging from the rod under
various directions such that the ray bundles run

parallel.
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