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ILLUMINATION SYSTEM FOR ILLUMINATING A MASK IN A
MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS

1. Field of the Invention

The invention relates to an illumination system for illumi-
nating a mask in a microlithographic projection exposure ap-
paratus microlithographic. More particularly, the invention
relates to an illumination system comprising an array of
tiltable micromirrors or other beam deflecting elements that
are capable of producing light spots in a system pupil plane
or on another surface at variable positions. The invention
further relates to a method of operating an illumination sys-

tem.
2. Description of Related Art

Microlithography (also called photolithography or simply li-
thography) is a technology for the fabrication of integrated
circuits, liquid crystal displays and other microstructured
devices. The process of microlithography, in conjunction with
the process of etching, is used to pattern features in thin
film stacks that have been formed on a substrate, for example
a silicon wafer. At each layer of the fabrication, the wafer
is first coated with a photoresist which is a material that
is sensitive to radiation, such as deep ultraviolet (DUV),
vacuum ultraviolet (VUV) or extreme ultraviolet (EUV) light.
Next, the wafer with the photoresist on top is exposed to
projection light in a projection exposure apparatus. The ap-
paratus projects a mask containing a pattern onto the photo-
resist so that the latter is only exposed at certain loca-
tions which are determined by the mask pattern. After the ex-
posdre the photoresist is developed to produce an image cor-
responding to the mask pattern. Then an etch process trans-
fers the pattern into the thin film stacks 6n the wafer. Fi-

nally, the photoresist is removed. Repetition of this process
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with different masks results in a multi-layered microstruc-

tured component.

A projection exposure apparatus typically includes an illumi-
nation system for illuminating the mask, a mask stage for
aligning the mask, a projection objective and a wafer align-
ment stage for aligning the wafer coated with the photore-
sist. The illumination system illuminates a field on the mask
that may have the shape of a rectangular or curved slit, for

example.

Ideally, the illumination system illuminates each point of
the illuminated field on the mask with projection light hav-
ing a well defined irradiance and angular distribution. The
term angular distribution describes how the total light en-
ergy of a light bundle, which converges towards a particular
point in the mask plane, is distributed among the various di;

rections of the rays that constitute the light bundle.

The angular distribution of the projection light impinging on
the mask is usually adapted to the kind of pattern to be pro-
jected onto the photoresist. For example, relatively large
sized features may require a different angular distribution
than small sized features. The most commonly used angular
distributions of projection light are referred to as conven-
tional, annular, dipole and quadrupole illumination settings.
These terms refer to the irradiance distribution in a system
pupil surface of the illumination system. With an annular il-
lumination setting, for example, only an annular region is
illuminated in the system pupil surface. Thus there is only a
small range of angles present in the angular distribution of
the projection light, and thus all light rays impinge

obliquely with similar angles onto the mask.

Different means are known in the art to modify the angular
distribution of the projection light in the mask plane so as

to achieve the desired illumination setting. For achieving
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maximum flexibility in producing different angular distribu-
tion in the mask plane, it has been proposed to use mirror

arrays that illuminate the pupil surface.

In EP 1 262 836 Al the mirror array is realized as a micro-
electromechanical system (MEMS) comprising more than 1000 mi-
croscopic mirrors. Each of the mirrors can be tilted about
two orthogonal tilt axes. Thus radiation incident on such a
mirror device can be reflected into almost any desired direc-
tion of a hemisphere. A condenser lens arranged between the
mirror array and the pupil surface translates the reflection
angles produced by the mirrors into locations in the pupil
surface. This known illumination system makes it possible to
illuminate the pupil surface with a plurality of spots,
wherein each spot is associated with one particular micro-
scopic mirror and is freely movable across the pupil surface

by tilting this mirror.

Similar illumination systems are known from US 2006/0087634
Al, US 7,061,582 B2, WO 2005/026843 A2 and WO 2008/095695 A2.
Arrays of tiltable mirrors have also been proposed for EUV

illumination systems.

If the total irradiance distribution in the system pupil sur-
face is to be assembled from a plurality of spots, it is not
only necessary to know the available number of spots, but
also the shape of the spots. For determining the spot shape,
unpublished international patent application
PCT/EP2008/010622, which is assigned to the present appli-

cant, proposes a number of different approaches:

According to a first approach the spot shape is determined by

simulation.

According to a second approach the spot shape is measured. To
this end all mirrors but one are tilted such that they are in

an "off"-position in which they do not direct any light onto
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the system pupil surface. Then a pupil measuring sensor is
inserted into the mask plane where it measures the angular
distribution of light impinging on a particular field point.
The measured angular distribution is computationally trans-
formed into an irradiance distribution in the system pupil

surface.

Also according to a third approach all mirrors but one are
tilted such that they are in an "off"-position. The irradi-
ance produced by a single mirror is directly measured in the
system pupil surface with the help of a position resolving

sensor, for example a CCD sensor.

According to a fourth approach the irradiance produced by a
single mirror is measured by a position resolving sensor that
is arranged in a surface being optically conjugated with the
system pupil surface. To this end a beam splitter, which is
arranged in the projection light path, reflects a small frac-
tion of projection light towards the position resolving sen-

SOr.

All approaches based on measurements of the spot shape have
the drawback that all mirrors but one must be in an "off"-
state during the spot shape measurement. Consequently such
measurements cannot be performed during exposure operation of

the apparatus.

WO 2008/061681 A2 discloses a measurement unit which also
comprises a beam splitter and a position resolving sensor ar-
ranged at a position which is optically conjugated with the
system pupil surface. However, according to this approach not
only one light beam reflected by a single mirror is directed
on the sensor via the beam splitter. Instead, the measurement
is performed during the exposure operation of the apparatus.
Then the irradiance distribution on the sensor is (at least
almost) identical with the irradiance distribution in the

system pupil surface. If one mirror is tilted, its contribu-
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tion to the total irradiance distribution in the system pupil
surface can be determined by computing the difference between
the irradiance distributions before and after the mirror has

been tilted.

However, tilting a single mirror during the exposure opera-
tion of the apparatus cannot be tolerated, and thus this way
of measuring the shape of the individual épots produced by
the mirrors cannot be performed during exposure operation,
too. Apart from that this approach has the disadvantage that
an (albeit small) fraction of projection light produced by
all mirrors is directed on the sensor and thus cannot con-

tribute to the illumination of the mask.
SUMMARY OF THE INVENTION

It is therefore an object to provide an illumination system
for illuminating a mask in a microlithographic projection ex-
posure apparatus, and also a method of operating such an il-
lumination system, which makes it possible to measure the

spot shape during the exposure operation of the apparatus.

With regard to the illumination system, this object is
achieved by a system comprising a surface and an array of re-
flective or transparent beam deflecting elements. Each beam
deflecting element is configured to produce on the surface a
projection light spot at a position that is variable by
changing a deflection angle produced by the beam deflection
element. The system further comprises a spot shape measuring
unit which is configured to measure the shapes of spots which
are produced on the measuring unit by the beam deflecting
element. The spot shape measuring unit is arranged outside of
every possible path projection light is allowed to take be-
tween the array and the mask. A control unit is provided
which is configured to control the beam deflecting elements.
This control unit is further configured such that, at a given

instant during an exposure operation of the apparatus, at
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least one beam deflecting element directs projection light
exclusively on the spot shape measuring unit, and at least
some beam deflecting elements direct projection light exclu-

sively on the surface.

Since the spot shape measuring unit is arranged outside of
any possible path projection light is allowed to take between
the array and the mask, it cannot interfere with the illumi-
nation of the mask. Thus it is possible to perform the meas-
urement during the exposure operation of the apparatus. It
does not require a beam splitter or a similar opticél compo-
nent which splits off a certain fraction of projection light.
Instead, only one or a few mirrors are tilted so that the
projection light beams produced by these mirrors are directed
towards the spot shape measuring unit. For example, if the
array comprises 4000 beam deflecting elements and one element
directs a projection light beam on the spot shape measuring
unit, while all 3999 remaining beam deflecting elements di-
rect projection light beams towards the system pupil surface
and thus contribute to the illumination of the mask, only
1/4000 of the projection light is lost for measurement pur-
poses. This is significantly less light as compared to a con-
figuration in which a beam splitter is arranged within the

path of projection light.

The control unit may be configured such that at an interval
between two exposures, or even during an interval between
consecutive light pulses, one beam deflecting element directs
its light beam on the spot shape measuring unit, and (simul-
taneously) the light beam which had been directed before to
the spot shape measuring unit is redirected such that it re-
places the spot on the surface which has moved to the spot
shape measuring unit. By consecutively switching the spots to
and from the surface and the spot shape measuring unit, it is
possible to measure the spot shape very quickly for all beam

deflecting elements of the array.
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The surface where the spots are produced may be the system
pupil surface of the illumination system, or a surface which
is optically conjugated thereto. Thus this surface may be
"imaginary", i. e. there is no solid or liquid material de-
fining this surface. However, this surface may coincide with
a surface of an optical component, for example an optical in-
tegrator. Such optical integrators may be formed by a rod or
an optical raster element, for example a fly's eye lens or a

diffractive optical element.

In one embodiment the surface extends in a plane which inter-
sects the spot shape measuring unit. In other words, the spot
shape measuring unit is arranged outside the usual area of
the surface which exclusively contributes to the illumination
of the mask, but is still positioned very close to this us-
able area. For example, the spot shape measuring unit may be
spaced apart from the area by a distance which is less than
one fifth of a maximum diameter of the area. By arranging the
spot shape measuring unit close to the surface it is ensured
that the spot produced on the spot shape measuring unit by a
particular beam deflecting element is very similar to the
spot which is produced on the usable area of the surface. Any
de&iations between shapes of spots produced with different
deflection angles by a single beam deflecting element may be

taken into account by calibration, for example.

According to another embodiment the control unit is config-
ured to control the at least one beam deflecting element such
that the spot produced by the at least one beam deflecting
element moves over a detector surface of the spot shape meas-

uring unit during the spot shape measurement.

This makes it possible to use a detector having a small num-
ber of detector pixels or similar sensor elements which sim-
plifies the layout of the detector and also the processing of
the measurement values produced by the sensor elements. This

approach exploits the fact that it is necessary anyway to be
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able to control the spot position very accurately in order to
obtain exactly the irradiance distribution in the system pu-
pil surface which is desired. This accuracy is also available
when the spot is moved over a detector surface in a kind of
scanning movement such that the irradiance distribution is
not detected in one go, but assembled from a plurality of
single measurements performed at different locations of the

spot.

In one embodiment the sensor elements are spaced apart by a
significant distance. For example, the detector may have a
detector surface that comprises an array of sensor elements
each having a light entrance window. The sensor elements are
spaced apart along a direction (which is arbitrary) by a dis-
tance that is greater than the length of the light entrance
windows along the direction. This distance may be, for exam-
ple, at least three times the maximum dimension of a light
entrance window. Such an arrangement of spaced apart sensor
elements makes it possible to use sensor elements that may
otherwise not be easily densely packed. For example, it is
difficult to pack individual PIN photodiodes such that the
detector surface is quasi-contiguous. However, it is easy to
assemble a small number of such PIN photodiodes, for example
four or sixteen, such that they are spaced apart by signifi-
cant distances. In the extreme case the spot shape measuring

unit has only a single detector pixel.

If the spot shape measuring unit has a shutting function such
that is detects the irradiance very quickly, the spot may

move continuously over the detector surface.

Otherwise the control unit should be configured to control
the at least one beam deflecting element such that the spot
moves intermittently over the detective surface. In order to
keep the distances and thus the velocity of the spot move-

ments small, the control unit may be configured to control
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the at least one beam deflecting element such that the spot

meanders over the detector surface.

It is to be noted that this concept is also applicable for
EUV illumination systems which may comprise arrays of
tiltable mirrors. In such EUV projection exposure apparatus
the projection light has a wavelength below 25 nm, and pref-
erably about 13.6 nm. In this case the spot shape measuring
unit may be formed by a scintillation detector, comprising a
scintillator and an electronic light sensor. The scintillator
transforms the wavelength into a longer wavelength which can

be detected by the electronic light sénsor.

If a computer shall be able to computationally assemble sev-
eral thousand spots of different shapes so as to achieve the
desired irradiance distribution in the system pupil surface,
it 1s, at least under real time conditions, not feasible to
describe the shape of the spots with raw data, for example a

set of 100 x 100 irradiance values.

In one embodiment this problem is solved by an evaluation
unit which is configured to compute, on the basis of measure-
ment values produced by the spot shape measurement unit, a
set of parameters that describe the shape of a measured spot.
This exploits the fact that the shapes of the spots will usu-
ally be similar and may be approximated by simple geometric
shapes, for example polygons or ellipses. Then the shape of
each spot can be described with a few parameters, and only
this set of parameters is provided to the computer which com-

putationally assembles the spots in the system pupil surface.

In many cases the spots have approximately the shape of an

ellipse. Then these parameters may include the center of the
ellipse and the length and orientation of the principles axes
of the ellipse. These parameters may be determined on the ba-

sis of mathematical moments M; given by
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M, =>x'y f(x,y)
x,y

x and y are coordinates where irradiances f{x,y) are measured
by the spot shape measuring unit. It has been found that the
length and the orientation of the principal axes of an el-
lipse can be computed very effectively, i.e. requiring only
simple computational means, if a set of irradiancies measured

at different coordinates are supplied to the evaluation unit.

The beam deflecting elements enable to direct light rays im-
pinging on the elements into various directions, wherein the

directions can be changed individually for each element.

In some embodiments the beam deflecting elements are formed
by mirrors that can be tilted about at least one tilt axis.
The array may comprise several hundreds or several thousands

of such tiltable mirrors.

In other embodiments the beam deflecting elements are formed
by electro-optical or acousto-optical elements. In such ele-
ments the refractive index may be varied by exposing a suit-
able material to ultrasonic waves or electric fields, respec-
tively. These effects can be exploited to produce index grat-

ings that direct impinging light into various directions.

With regard to the method, the above stated object is
achieved by a method of operating an illumination system for
illuminating a mask in a microlithographic projection expo-

sure apparatus, wherein the method comprises the following

steps:
a) producing a plurality of projection light beams;
b) directing at least one projection light beam on a spot

shape measuring unit that is arranged outside of every
possible path projection light is allowed to take be-

tween the array and the mask;
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c) measuring the shape of a spot that is produced by the at
least one projection light beam on the spot shape meas-

uring unit;

d) directing the other projection light beams on a surface,
wherein at least a portion of the light on the surface

contributes to an illumination of the mask.

According to one embodiment the at least one projection light
beam moves over a detective surface of the spot shape measur-

ing unit during the spot shape measurement.

According to another embodiment a set of parameters, which
describe the shape of a measured spot, is computed on the
base of measurement values produced by the spot shape measur-
ing unit. If the spots have approximately the shape of an el-
lipse, the parameters may include the center of the ellipse
and the length and orientation of the principles axes of the

ellipse.
In one embodiment the method comprises the further steps of

e) measuring the shape of a spot produced by the at least
one projection light beam on the spot shape measuring

unit; and

f) arranging the spots on the surface, thereby taking into

account the shapes of the spots measured in step d).
BRIEF DESCRIPTION OF THE DRAWINGS

Various features and advantages of the present invention may
be more readily understood with reference to the following
detailed description taken in conjunction with the accompany-

ing drawing in which:

FIG. 1 1is a perspective and considerably simplified view of
a projection exposure apparatus in accordance with

the present invention;
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FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

10

11

12

- 12 -

is a meridional section through an illumination sys-
tem contained in the projection exposure apparatus

shown in FIG 1;

is a perspective view of a mirror array contained in

the illumination system of FIG. 2;

is an enlarged cutout of FIG. 2 showing atilt angle

measuring unit;

is a top view on a spot shape measuring unit accord-

ing to a first embodiment comprising a CCD sensor;

is a top view on a spot shape measuring unit accord-
ing to a second embodiment comprising a 10x10 array

of PIN photodiodes;

is a top view on spot shape measuring unit according
to a third embodiment comprising four PIN photodi-

odes;

is a schematic illustration of the meandering move-
ment of the spot over the spot shape measuring unit
shown in FIG. 7;

is a top view on a spot shape measuring unit accord-
ing to a fourth embodiment comprising only a single
PIN photodiode;

is a schematic illustration of the meandering move-
ment of the spot over the spot shape measuring unit
shown in FIG. 9;

is a graph illustrating the parameters that are used

to describe an elliptical shape of a spot:;

is a schematic simplified meridional section through
an EUV projection exposure apparatus in which the

present invention is incorporated.
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DESCRIPTION OF PREFERRED EMBODIMENTS

I.

General Structure of Projection Exposure Apparatus

FIG. 1 is a perspective and highly simplified view of a pro-
jection exposure apparatus 10 that comprises an illumination
system 12 for producing a projection light beam. The projec-
tion light beam illuminates a field 14 on a mask 16 contain-
ing minute structures 18. In this embodiment the illuminated
field 14 has approximately the shape of a ring segment. How-
ever, other, for example rectangular, shapes of the illumi-

nated field 14 are contemplated as well.

A projection objective 20 images the structures 18 within the
illuminated field 14 onto a light sensitive layer 22, for ex-
ample a photoresist, which is deposited on a substrate 24.
The substrate 24, which may be formed by a silicon wafer, 1is
arranged on a wafer stage (not shown) such that a top surface
of the light sensitive layer 22 is precisely located in an
image plane of the projection objective 20. The mask 16 is
positioned by means of a mask stage (not shown) in an object
plane of the projection objective 20. Since the latter has a
magnification B with [B]| <1, for example = 1:4, aminified
image 14' of the structures 18 within the illuminated field

14 is projected onto the light sensitive layer 22.

During the projection, the mask 16 and the substrate 24 move
along a scan direction which coincides with the Y direction.
Thus the illuminated field 14 scans over the mask 16 so that
structured areas larger than the illuminated field 14 can be
continuouély projected. Such a type of brojection ekposure
apparatus is often referred to as "step-and-scan apparatus”
or simply a "scanner". The ratio between the velocities of
the substrate 24 and the mask 16 is equal to the magnifica-
tion of the projection objective 20. If the projection objec-

tive 20 inverts the image, the mask 16 and the substrate 24
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move in opposite directions, as this is indicated in FIG. 1
by arrows Al and A2. However, the present invention may also
be used in stepper tools in which the mask 16 and the sub-

strate 24 do not move during projection of the mask.

In the embodiment shown, the illuminated field 14 is not cen-
tered with respect to an optical axis 26 of the projection
objeétive 20. Such an off-axis illuminated field 14 may be
necessary with certain types of projection objectives 20. In
other embodiments, the illuminated field 14 is centered with

respect to the optical axis 26.

EUV projection exposure apparatus have the same basic struc-
ture. However, because there are no optical materials that
are transparent for EUV radiation, only mirrors are used as
optical elements, and also the mask is of the reflective

type. Further details will be explained below in section VII.
IT.
General Structure of Illumination System

FIG. 2 is a more detailed meridional section through the il-
lumination system 12 shown in FIG. 1. For the sake of clar-
ity, the illustration of FIG. 2 is considerably simplified
and not to scale. This particularly implies that different
optical units are represented by very few optical elements
only. In reality, these units may comprise significantly more

lenses and other optical elements.

The illumination system 12 includes a housing 28 and a light
source that is, in the embodiment shown, realized as an exci-
mer laser 30. The excimer laser 30 emits projection light
that has a wavelength of about 193 nm. Other types of light
sources and other wavelengths, for example 248 nm of 157 nm,

are also contemplated.
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In the embodiment shown, the projection light emitted by the
excimer laser 30 enters a beam expansion unit 32 in which the
light beam is expanded without altering the geometrical opti-
cal flux. The beam expansion unit 32 may comprise several
lenses as shown in FIG. 2, or may be realized as a mirror ar-
rangement, for example. The projection light emerges from the
beam expansion unit 32 as a substantially collimated beam 34.
In other embodiments, this beam may have a significant diver-
gence. The collimated beam 34 impinges on a plane folding
mirror 36 provided for reducing the overall dimensions of the

illumination system 12.

After reflection from the folding mirror 36, the beam 34 im-
pinges on an array 38 of microlenses 40. A mirror array 46 is
arranged in or in the vicinity to a back focal plane of the
microlenses 40. As will be explained in more detail below,
the mirror array 46 comprises a plurality of small individual
mirrors 48 that can be tilted, independently from each other,
by two tilt axes that are preferably aligned perpendicularly
to each other. The total number of mirrors 48 may exceed 100
or even several 1000. The reflecting surfaces of the mirrors
48 may be plane, but could also be curved if an additional
reflective power is desired. Apart from that the mirror sur-
faces may support diffractive structures. In this embodiment
the number of mirrors 48 is equal to the number of mi-
crolenses 40 contained in the microlens array 38. Thus each
microlens 40 directs a converging light beam 54a, 54b on one

mirror 48 of the mirror array 46.

The tilt movements of the individual mirrors 48 are con-
trolled by a mirror control unit 50. Actuators, which are
used to set the desired tilt angles of the mirrors 48, re-
ceive control signals from the mirror control unit 50 such
that each individual mirror 48 is capable of reflecting an
impinging light ray by a reflection angle that is variable in

response to the control signal. In the embodiment shown there
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is a continuous range of tilt angles at which the individual
mirrors 48 can be arranged. In other embodiments, the actua-
tors are configured such that only a limited number of dis-

crete tilt angles can be set.

FIG. 3 is a perspective view of the mirror array 46 compris-
ing, for the sake of simplicity, only 8-8 = 64 mirrors. Light
beams 54a, 54b impinging on mirrors 48a and 48b, respec-
tively, of the array 46 are reflected into different direc-
tions depending on the tilt angles of the mirrors 48a, 48b.
For the mirror 48b the tilt axes are denoted by 56x, 56y in
FIG. 3. As a result of the different tilt angels of the mir-
rors 48a, 48b, light beams 54a', 54b' reflected from these

two mirrors 48a, 48b have different directions.

Referring again to FIG. 2, the light beams 54a', 54b' re-
flected from the mirrors 48a, 48b impinge on a first con-
denser 58. The first condenser 58 ensures that the slightly
diverging light beams 54a', 54b' impinge, now as at least
substantially parallel light beams, on an entrance surface 71
of an optical integrator 72. Each reflected light beam 54a’',
54b' illuminates a small spot 73a and 73b, respectively, on
the entrance surface 71, as it is illustrated in the top view

on the surface 71 shown at the right hand side of FIG. 2.

The optical integrator 72 produces a plurality of secondary
light sources and increases the range of angles formed be-
tween the light rays and an optical axis 26 of the illumina-
tion system 12. In other embodiments, the first condenser 58
is dispensed with so that the reflected light beams 54a‘',
54b' impinging on the optical integrator 72 have a larger di-

vergence.

The optical integrator 72 is realized, in the embodiment
shown, as a fly's eye lens comprising two substrates 74, 76
that each supports two orthogonal arrays of parallel cylin-

drical microlenses. Other configurations of the optical inte-
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grator are envisaged as well, for example integrators com-
prising an array of microlenses that have rotationally sym-
metrical surfaces, but rectangular boundaries. Reference is
made to WO 2005/078522 A, US 2004/0036977 Al and US

2005/0018294 Al, in which various types of optical integra-

tors suitable for the illumination system 12 are described.

Reference numeral 70 denotes a system pupil surface of the
illumination system 12. The irradiance distribution in the
system pupil surface 70 substantially defines the angular
distribution of the light impinging on the mask 14. The sys-
tem pupil surface 70 is usually plane or slightly curved and
is positioned in or in immediate vicinity to the optical in-
tegrator 72. As the angular light distribution in the system
pupil surface 70 directly translates into an irradiance dis-
tribution in a subsequent field plane, the optical integrator
72 substantially determines the basic geometry of the illumi-
nated field 14 on the mask 16. Since the optical integrator
72 increases the range of angles considerably more in the X
direction than in the scan direction Y, the illuminated field
14 has larger dimensions along the X direction than along the

scan direction Y.

The projection light emerging from the secondary light
sources produced by the optical integrator 72 enters a second
condenser 78 that is represented in FIG. 2 by a single lens
only for the sake of simplicity. The second condenser 78 en-
sures a Fourier relationship between the system pupil surface
70 and a subsequent intermediate field plane 80 in which a
field stop 82 is arranged. The second condenser 78 superim-
poses the light bundles, which are produced by the secondary
light sources, in the intermediate field plane 80, thereby
achieving a very homogenous illumination of the intermediate
field plane 80. The field stop 82 may comprise a plurality of
movable blades and ensures sharp edges of the illuminated
field 14 on the mask 16.
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A field stop objective 84 provides optical conjugation be-
tween the intermediate field plane 80 and the mask plane 86
in which the mask 16 is arranged. The field stop 82 is thus
sharply imaged by the field stop objective 84 onto the mask
16.

ITT.
Tilt Angle Measuring Unit

The orientation of the mirrors, i. e. the tilt angles with
regard to the tilt axes 56x, 56y (see FIG. 3), has to be con-
trolled very accurately. This is because the pattern produced
on the light sensitive surface 22 is very sensitive to varia-
tions of the irradiance distribution in the system pupil

plane 70, which depends on the orientation of the mirrors 48.

The orientation of the mirrors 48 can only be controlled ac-

curately if it is possible to measure the orientation of the

mirrors 48 individually. To this end the illumination system

12 comprises a tilt angle measuring unit 90 which is config-

ured to direct measuring light beams on each mirror 48 and to
measure the direction of measuring light beams reflected

therefrom.

The tilt angle measuring unit 90 measures for each mirror 48
a parameter (for example a surface normal) which is suitable
to describe the orientation of the mirror 48 to be measured.
The tilt angle measuring unit 90 feeds the measured parameter
to the control unit 50. The latter may then readjust some or
all mirrors 48 if the deviations between the measured mirror
orientations and the target orientations exceed predetermined

threshold values.

The general structure of the tilt angle measuring unit 90
will now be explained with reference to FIG. 2 and also to
FIG. 4 which is an enlarged and more detailed cutout of FIG.
2:
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The tilt angle measuring unit 90 comprises an illumination
unit 92 which directs an individual measuring light beam 94
to each mirror 48. After reflection from the mirrors 48 the
measuring light beams 94 enter a detector unit 96 comprising
detector optics 98 and a position resolving sensor 100. The
detector optics 98 may comprise a condenser which translates
the directions of the reflected measuring light beams 94 into
positions on the position resolving sensor 100. The posi-
tional data obtained by the sensor 100 are supplied to a
processing unit 102 which is configured to determine the ori-
entation of the mirrors 48 on the basis of the direqtions of
the reflected measuring light beams 94 measured by the detec-
tor unit 96. These data are then fed to the control unit 50,
as has been explained above. More details with regard to the
detector unit 96 are described in WO 2008/095695 Al that has

been mentioned at the outset.

In order to be able to measure the orientation of each mirror
48 individually, the measurement device 92 has to be capable
of identifying from which mirror 48 a detected measuring
light beam 94 has been reflected. One approach in this re-
spect is to use an illumination unit 92 comprising a plural-
ity of individual illumination members 103. Each member 103
produces a measuring light beam 94 which is directed to one
of the mirrors 48. Since the illumination members 103 can be
controlled individually, it is possible to use optical multi-
plexing, for example in the time or frequency domain, to dis-
tinguish the measuring light beams 94 detected by the sensor
100.

IV.
Spot Shape Measuring Unit

As has been mentioned before, the irradiance distribution in
the system pupil surface 70 substantially defines the angular
distribution of the projection light impinging on the mask

16. The optical integrator 72 introduces an additional diver-
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gence, but does not substantially modify the irradiance dis-
tribution of projection light impinging on its entrance sur-
face 71. Consequently, the irradiance distribution on the en-
trance surface 71 of the optical integrator 72 is at least

approximately identical to the irradiance distribution in the
system pupil surface 70. For that reason the angular distri-
bution in the mask plane 86 may equally be described by an

irradiance distribution on the entrance surface 71 of the op-

tical integrator 72.

The control unit 50 has to control the mirrors 48 such that a
desired irradiance distribution on the entrance surface 71 is
achieved. To this end the control unit 50 has to assemble the
individual spots 73a, 73b produced by the reflected projec-
tion light beams 54a', 54b' in a suitable manner. This can be
accomplished only if the shapes of the spots 73a, 73b are in-
dividually known for all reflected projection light beams
54a', 54b'.

Generally, the term "spot shape”" is used in this application
to denote the complete irradiance distribution of a spot.
However, if the irradiance distribution within a spot is suf-
ficiently homogeneous, the spot shape can be sufficiently de-
scribed by the circumference of the spot only. Then a spot
shape measurement merely provides data describing the circum-
ference of the spots. For example, if the circumference ap-
proximates a general type of geometry (e.g. a polygon or an
ellipse), a few parameters may suffice to fully describe the
spot shape. In the case of an ellipse, these parameters may
include the center of the ellipse and the length and orienta-

tion of its principle axes.

The shape of the spots 73a, 73b may change significantly dur-
ing the operation of the épparatus 10. Such changes may be
caused by thermal effects that tend to change the optical
properties of the optical elements involved. For example, the

microlenses 40 of the microlens array 38 may deform under the
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influence of heat dissipated during the operation of the ap-
paratus 10. This is because the mirrors 48 absorb a (small)
fraction of light, and the temperature change may be signifi-

cant because the mirrors 48 have a small thermal capacity.

For that reason the illumination system 12 comprises a spot
shape measuring unit 106 that is capable of measuring the
shape of spots produced by projection light beams 54a', 54b’
impinging on a detector surface 108 of the spot shape measur-

ing unit 106.

The detector surface 108 of the spot shape measuring unit 106
is arranged in a plane which extends through the (in this em-
bodiment rippled) entrance surface 71 of the optical integra-
tor 72. Transversely, i. e. in a direction perpendicular to
the optical axis 26 of the illumination system, the detector
surface 108 is arranged very close to the entrance surface 71
of the optical integrator 72. This ensures that the spot
shapes measured on the detector surface 108 are very similar
to the spot shapes that would be produced by the mirrors 48
on the entrance surface 71 of the optical integrator 72. Any
residual deviations may be taken into account computation-

ally.

In the embodiment shown the entrance surface 71 of the opti-
cal integrator 72 has a maximum usable area, i.e. an area
that exclusively contributes to the illumination of the mask
16. In order to keep deviations between the spot shapes meas-
ured on the detector surface 108 and the entrance surface 71
as small as possible, the detector surface 108 should be
spaced apart from the usable area on the entrance surface 71
by a distance which is less than 1/5 of the maximum diameter
of the area, preferably by a distance which is less than 1/10

of this maximum diameter.

FIG. 5 is a top view on the spot shape measuring unit 106.

The detector surface 108 is formed, in the embodiment shown,
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by a CCD sensor which comprises an array of 256 x 256 sensor
elements 110. The detector surface 108 is sufficiently large
so that a spot 73m associated with any of the mirrors 48 will
always, i.e. under every conceivable operating condition, be
smaller than the detector surface 108. Then the spots 73m can
be detected in one go if the spot 73m is suitably positioned

on the detector surface 108.

For the control unit 50 it will be computationally difficult
to assemble in real time the spots 73a, 73b on the entrance
surface 71 of the optical integrator 72 if the spot shape
measuring unit 106 provides for each of the sensor elements
110 raw data representing irradiances. Therefore the illumi-
nation system 12 comprises an evaluation unit 112 which is
configured to compute, on the basis of the measurement values
produced by the spot shape measuring unit 106, quantities
that describe the shape of a measured spot more effectively.
This means that these quantities are associated with a
smaller data volume than the raw data provided by the sensor

elements 110.

In a preferred embodiment these quantities are a set of pa-
rameters that is suitably selected in view of the expected
general shape of the measured spots. For example, in the em-
bodiment shown it is assumed that the measured spots 73m have
approximately the shape of an ellipse. Then the parameters
may include the center of the ellipse and also the length and
the orientation of the principal axes of the ellipse. The
spot shape can then be described by five numerical wvalues,
only. A very effective computation of these parameters on the
basis of raw data will be described in more detail below in
section VI. If the inhomogeneities of the irradiance distri-
bution with a spot shall be taken into account, some addi-
tional parameters, for example parameters describing a para-
bolic irradiance profile along a certain direction, may be

computed by evaluation unit 112 to this end.
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In the following the function of the spot shape measuring

unit 106 will be described in more detail:

In one embodiment the control unit 50 controls the mirror 48
in such a way that a small subset of mirrors 48 comprising
only a few, for example 12, mirrors 48, do not direct projec-
tion light beams on the surface 71 of the optical integrator
72 during an exposure cycle of the apparatus. An exposure cy-
cle is defined as the time period during which a limited but
continuous portion on the light sensitive layer 22 is exposed
by the projection light, either in a scanning process or in
one step. Such a control implies that the irradiance distri-
bution produced on the entrance surface 71 of the optical in-
tegrator 72 is exclusively produced by the projection light
beams 54a', 54b' associated with the remaining mirrors 48. If
the mirror array 46 comprises, for example, 4096 mirrors 48,
the absence of projection light reflected by a subset of 12
mirrors 48 will not have a significant effect on the total
irradiance on the entrance surface 71 (less than 0.03 % light

loss) .

During the exposure cycle the shapes of the spots associated
with the subset of mirrors 48 are successively measured. To
this end all but one mirror 48 of the subset are brought into
an off-state such that the reflected projection light beams
are directed on an absorbent surface (not shown)..The remain-
ing one mirror 48 of the subset is controlled by the control
unit 50 such that the reflected projection light beam 54m as-
sociated with this particular mirror 48 impinges on the de-
tector surface 108 of the spot shape measuring unit 106. The
irradiance distribution of the spot 73m produced in this way
is measured, and the evaluation unit 112 computes from the
raw data produced by the spot shape measuring unit 106 a set
of parameters. These parameters, which describe the shape of

the measured spot 73m, are fed to the control unit 50. As has
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already been said, this measurement is performed during the

exposure cycle, i. e. while the mask 16 is illuminated.

Then, still during the same exposure cycle, the spot 73m as-
sociated with another mirror 48 of the mirror subset is meas-
ured in the same manner. This implies that the spot 73m that
has been produced on the detector surface 108 is aimed at the
absorbent surface, and a spot that has been produced on the
absorbent surface is aimed at the detector surface 108. The
control unit 50 therefore has to ensure that one after the
other mirror 48 of the subset is controlled such that it di-
rects the reflected light beam on the detector surface 108,
while all other mirrors 48 of the subset are in an off-state.
These measurements of individual spots are repeated until all

spots produced by the subset of mirrors are measured.

When the exposure cycle is terminated, the subset of mirrors
48 is incorporated again into the set of mirrors that con-
tribute to the irradiance distribution on the entrance sur-
face 71 of the optical integrator 72. Another subset of mir-
rors 48 is then selected that will be the subject of the next
measurements during the following exposure cycle. In this way
the spot shapes associated with all mirrors 48 of the array
46 can be successively measured with only a single spot shape

measuring unit 106.

From the foregoing it becomes clear that the total measure-
ment time may be reduced if more than one spot shape measur-
ing unit 106 is provided. Such additional spot shape measur-
ing units 106 may be arranged such that they are evenly dis-
tributed around the circumference of the entrance surface 71
of the optical integrator 72. It is also envisaged to use
spot shape measuring units 106 having a larger detector sur-
face 108 so that not only one, but a plurality of spots 73m
can be detected in one go by the spot shape measuring unit
106.
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V.

Alternative Embodiments

In the following alternative embodiments of the spot shape
measuring units 106 will be described with reference to FIGS.
6 to 10.

If the detector surface 108 is formed by a CCD sensor, each
measurement of a spot 73m produces a huge amount of raw data
that has to be processed by the evaluation unit 112. This is
because the commercially available CCD sensors have very
small and densely packed sensor elements 110. As a result the
irradiance distribution of the spot 73m is measured with a
very high spatial resolution. However, the control unit 50
often requires only some parameters or other quantities that
roughly describe the shape of the spots 73m. For computing
such parameters or quantities it 1s not necessary to use a

detector having a very high spatial resolution.

At present there are no CCD sensors available having the re-
quired total detector area but a smaller spatial resolution.
One approach to tackle this problem is illustrated in FIG. 6
which is a top view on an alternative embodiment of a spot
shape measuring unit 106. Here the sensor elements 110 of the
detector surface 108 are formed by PIN photodiodes which have
a larger light entrance window than CCD sensor elements. The
sensor elements 110 are arranged as a 10 x 10 array, with '
gaps of width dy, d, remaining between adjacent light en-
trance windows of sensor elements 110. These gaps occur be-
cause the photodiodes 114 cannot be easily mounted such that
their light entrance windows form a quasi-continuous area. In
this embodiment the gaps are determined such that their
widths dyx, dy and the side lengths of the sensor elements 110

are all equal.

Due to the large sized light entrance windows and the gaps

between the sensor elements 110, the spatial resolution for
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measuring a spot 73m could be too small. In order to compen-
sate for this, the control unit 50 is configured to control
the mirror 48, which is associated with the spot 73m to be
measured, such that the spot 73 moves over the detector sur-
face 108 during the spot shape measurement. More particu-
larly, after a first measurement of the spot 73m in the posi-
tion indicated in FIG. 6 by a darker filling, the spot 73m

moves one gap width dy along the +x direction. The spot posi-

tion after this movement is indicated in FIG. 6 by a dotted

line 73m'. Then a measurement is performed at this displaced
spot position 73m'. In a next step the spot moves one gap
width dy along the -y direction. The position of the spot af-
ter this second movement is indicated in FIG. 6 by a dotted
line 73m''. After another measurement has been performed, the
spot moves again, but this time in the -x direction by a dis-
tance dy until it reaches a position indicated by 73m'"'"'.

Then the last measurement for this spot is performed.

This sequential measurement of a single spot makes it possi-
ble to obtain measurement values for the complete spot area
although the photodiodes 114 are spaced apart by distances
dy, dy. This sequential measurement takes advantage of the
fact that the mirrors 48 can be controlled very accurately
with the help of the control unit 50 and the tilt angle meas-
uring unit 90. Thus it is possible to accurately move the
spot over the detector surface 108 and to brake down the
measurement of the complete spot area into a sequence of n
measurements, with n being the inverse filling ratio of the
sensor elements 110 on the detector surface 108. The risk of
undesired mirror oscillations is small since the movements of
the spots between successive measurements, and thus the tilt

angle variations of the mirrors 48, are very small.

At the right-hand side of FIG. 6 a movement pattern 116 is

shown that illustrates the sequence of measurements (black
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dots) which is performed between the movements of the spot
73m.

FIG. 7 is a top view on a spot shape measuring unit 106 ac-
cording to still another embodiment. In this embodiment the
spot shape measuring unit 106 comprises only 4 sensor ele-—
ments 110 formed again by PIN photodiodes. The sensor ele-
ments 110 are arranged regularly at the corners of a square.
In this embodiment each sensor element 110 has a light en-
trance window which is four times as large as the light en-
trance window of the sensor elements used in the embodiment
shown in FIG. 6. Apart from that the gap widths dx, d, are
four times the length of the light entrance windows of the
sensor elements 110 along the x and y direction, respec-

tively.

If a spot 73m moves over the detector surface 108 in compli-
ance with the meandering movement pattern 116 shown in FIG.
8, each position on the spot 73m will be detected during a
complete measurement cycle by one of the four sensor elements
110. The measurement cycle includes 5 x 5 = 25 single meas-
urements with four photodiodes 114. This results in 100 meas-
urement values for the spot 73m. This is four times less than
what is obtained with the spot shape measuring unit 106 shown
in FIG. 6 because the spatial resolution is also reduced by a
factor of 4 as a result of the larger detector area of the

sensor elements 110.

The advantage of the spot shape measuring unit 106 shown in
FIGS. 7 and 8 is that the layout of the detector surface 108
is particularly simple. Furthermore the measurement raw data
are produced in more, but smaller bursts which simplifies

their processing.

FIG. 9 is a top view on a spot shape measuring unit 106 ac-
cording to a still further embodiment. In this embodiment the

detector surface 108 comprises only one sensor element which



10

15

20

25

30

WO 2011/006581 PCT/EP2010/003835
- 28 -

is again formed by a PIN photodiode 110. As becomes clear
from the movement pattern 116 shown in FIG. 10, a complete
measurement cycle includes a total of 100 single measure-
ments. This further simplifies the layout of the spot shape
measuring units 106 and the evaluation unit 112, but requires

more time for a complete spot shape measurement.

VI.

Parametric Spot Shape Description

As has been explained above, the evaluation unit 112 reduces
the amount of raw data so that the control unit 50 is capable
of quickly assembling the spots produced by the mirror 48 to
a desired irradiance distribution on the entrance surface 71
of the optical integrator 72. In the following an approach
will be described how the evaluation unit 112 computes, on
the basis of the raw data produced by the spot shape measure-
ment unit 106, a set of parameters that describe the shape of

a measured spot 73m.

This approach will be explained under the assumption that the
spots 73m have approximately the shape of an ellipse. In this
case the parameters include the length and the orientation of
the principal axes of the ellipse and its center. However, a
parametric description is also possible for other shapes. For
example, if the microlenses 40 of the array 38 have a square
circumference, the spots 73m may have approximately the shape
of (skewed) rectangles. In this case the parameters may be
the components of vectors that describe the position, the
length and the orientation of two adjacent sides of the rec-

tangle.

The task is to derive, from raw data representing measurement
values that are subject to measurement errors and noise, a
few parameters with minimum computational power. In pérticu—
lar, the amount of data which has to be processed in each

step should be small. For that reason complicated iterative
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methods, as they usually occur if parametric curves are fit-

ted to measurement values, should be avoided.

In the following it will be assumed that the irradiance on
the detector surface 108 is known at any arbitrary point with
high accuracy. This irradiance distribution is given by a
function f(x,y). In a Cartesian coordinate system as it is

shown in FIG. 11, a mathematical moment M;can be defined by:
M = / dzdy 'y’ f(x,y) (1)

The centroid of the irradiance distribution is then given by

= ;'\'[1(; Yo = ;“f()l
Yo A’[(){)

(2)

Now a second Cartesian coordinate system is introduced which
has axes x' and y’ having the same metrics, but a displaced
origin and being rotated by an angle a, as is shown in FIG.
11. The origin of this second coordinate system is positioned
in the centroid of the distribution f(x,y). With the same
definition of the moments as given by equation (1), the cen-
troid coordinates in the rotated second coordinate system are

therefore zero:
Mly=M) =0 (3)

The length of a principal axis of the elliptic spot 73m can

be defined as standard deviation in x':

(4)

The denominator in equation (4) is independent of the coordi-

nate system:
My, = / dady fx,y) = Mpo (5)

The numerator in equation (4) is defined by
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the nominator can be written on the basis of mathematical mo-

ments expressed in the first coordinate system:

A,
Moo

= (2~ MY o (ane
Mgy = | Alag — = Jcos o+ | My —

HYATH

" My My
) sin” o + (‘21\1” -2 1‘(’[ ol ) cosasina (8)
2K

With the constants 4, B and C given by

Ada AL A2 A, AT AL
A= 1T\[_0 N A’\[%)O ) B= :‘[()2 _ :\[(;1 : o 2;\[11 _ 2-‘[1()-‘1-’01 ( 9)
A 00 ‘\[(‘)'() A IUO :‘[t Y0 M 00 M, 00

the variance in x' (i.e. square of standard deviation) can be

written as
W2(a) = Acos’a + Bsin? a + Ccosasina (10)
By replacing a by a+a/2, the variance in y' is obtained as
Z¥a) = Asin? o + Beos’ o — Ccosasina (11)

In order to determine the orientation of the principal axes,
the extreme values of the standard deviation W have to be
found. Since these extreme values coincide with the extreme

values of Wﬂ, it suffices to solve the following equation:

1 9 . p .« Y
%IV' =2(B - A)cosasina + Clcos® o — sin? «) (12)

From this it follows
Ctan’a +2(B - A)tana —C =0 (13)

with the solutions

tana =

A-Bx JA-BE+C? (14)
C
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From equation (14) two angles a are obtained, with one angle
indicating the orientation of the longer principal axis and
the other angle indicating the orientation of the shorter
principal axis. This allocation can be simply obtained if one
of the angles is computed with the help of equation (14), and
then the standard deviations W and Z are determined. The
larger of the values is then allocated to the longer princi-
pal axis, and the smaller value is allocated to the shorter

principal axis.

Practically it is not possible to measure the continuous ir-
radiance distribution f(x y), but only a set of discrete meas-
urement values. Then the integrals in the above equations
have to be replaced by sums over all measurement points. In
order to keep the measurement errors small, the measurement
points should be uniformly distributed over the spot 73m, as .
it is ensured with the embodiments described above in sec-

tions IV and V.

Since the absolute values of the irradiancies have no impact
on the parameters a, W and Z, it is not necessary to normal-
ize the measurement values with respect to the number and

size of the measurement points.

Solving equation (14) requires the inverse computation of a
trigonometric function. If such a computation requires too
much computational power, look-up tables may be used instead.
Alternatively, the computation may be performed by using an

iterative method in which o is successively varied in steps.

The above explained approach has the advantage that the
amount of data which has to be processed in each processing
step 1s very small. More particularly, the following data

have to be processed in the single steps:
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(a) On the basis of the raw data provided by the spot shape
measuring 106 the six different moments occurring in

equation (9) have to be computed.

(b) On the basis of three of these mathematical moments the

centroid of the distribution is determined.

(c) On the basis of all six moments the constants A4, B and

C are determined.

(d) On the basis of the three constants 4, B and C the pa-
rameters a, W and Z are determined. This is the most
complex computation, and therefore it may be distrib-
uted among two different computational units, for exam-
ple a digital signal processor (DSP) for the more com-
plex computations, and a simpler computational unit
(for example an FPDA or CPLD) for the simpler computa-

tions.

VII.

EUV illumination system

The present invention is also applicable in EUV projection
exposure apparatus. FIG. 12 is a schematic illustration of an
EUV projection exposure apparatus 10 comprising an illumina-
tion system 12 with an EUV radiation source 30, a reflective
mask 16 and a projection objective 20. The radiation source
producés light having a wavelength below 25 nm, preferably
about 13.6 nm. The objective 20 comprises six mirrors M1l to
M6, which form a reduced image of the mask 16 on a light sen-

sitive surface 22 applied on a support 24.

The illumination system 12 comprises a first faceted mirror
120 and a second faceted mirror 122 which are sometimes also
referred to as field facet mirror and pupil facet mirror. A
spot shape measuring unit 106 is arranged adjacent to the

second faceted mirror 122 so that it is capable of measuring

the shapes of spots produced by the facets of the first fac-
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eted mirror 120. The spot shape measuring unit 106 is a scin-
tillation detector comprising a scintillator 124, which con-
verts the EUV radiation to light having a longer wavelength,
and an electronic light sensor 126. The electronic light sen-
sor 126 may have a detector surface as has been described
above with reference to FIGS. 5 to 10. Principally the same
considerations apply to this EUV illumination system 12 as

have been explained above with reference to FIGS. 1 to 11.

The above description of the preferred embodiments has been
given by way of example. From the disclosure given, those
skilled in the art will not only understand the present in-
vention and its attendant advantages, but will also find ap-
parent various changes and modifications to the structures
and methods disclosed. The applicant seeks, therefore, to
cover all such changes and modifications as fall within the
spirit and scope of the invention, as defined by the appended

claims, and equivalents thereof.
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CLAIMS

An illumination system for illuminating a mask in a mi-
crolithographic projection exposure apparatus, compris-

ing:
a) a surface (71),

b) an array (46; 120) of reflective or transparent
beam deflecting elements (48), wherein each beam
deflecting element (48) is configured to produce
on the surface a projection light spot (73a, 73b)
at a position that is variable by changing a de-
flection angle produced by the beam deflecting
element (48),

c) a spot shape measuring unit (106) which is con-
figured to measure the shapes of spots which are
produced on the spot shape measuring unit (106)
by the beam deflecting elements (48), wherein the
spot shape measuring unit (106) is arranged out-
side of every possible path projection light is
allowed to take between the array (46; 120) and
the mask (16), and

d) a contrél unit (50) which is configured to con-

trol the beam deflecting elements (48),

wherein the control unit (50) is configured such that,
at a given instant during an exposure operation of the
apparatus (10), at least one beam deflecting element
(48) directs projection light exclusively on the spot
shape measuring unit (106), and at least some beam de-
flecting elements (48) direct projection light exclu-

sively on the surface (71).
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The system of claim 1, wherein the surface (71) extends
in a plane which intersects the spot shape measuring
unit (106).

The system of claim 2, wherein the surface (71) has a
maximum usable area which exclusively.contributes to
the illumination of the mask (16), and wherein the spot
shape measuring unit (106) i1s spaced apart from the
area by a distance which is less then one fifth of a

maximum diameter of the area.

The system of any of the preceding claims, wherein the
control unit (50) is configured to control the at least
one beam deflecting element (48) such that the spot
(73m) produced by the at least one beam deflecting ele-
ment (48) moves over a detector surface (108) of the
spot shape measuring unit (106) during the spot shape

measurement.

The system of claim 4, wherein the detector surface
comprises an array of sensor elements (110) each having
a light entrance window, and wherein the sensor ele-
ments are spaced apart along a direction by a distance
that is greater than the length of the light entrance

windows along the direction.

The system of claim 4 or 5, wherein the control unit
(50) is configured to control the at least one beam de-
flecting element (48) such that the spot (73m) meanders

over the detector surface (108).

The system of any of the preceding claims, wherein the
projection light has a wavelength below 25 nm, prefera-
bly about 13.6 nm, and wherein the spot shape measuring
unit (106)-is a scintillation detector comprising a
scintillator (124) and an electronic light sensor
(126) .
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The system of any of the preceding claims, wherein the
illumination system (12) comprises an evaluation unit
(112) which is configured to compute, on the basis of
measurement values produced by the spot shape measuring
unit (106), a set of parameters that describe the shape

of a measured spot (73m).

The system of claim 8, wherein the spots have approxi-
mately the shape of an ellipse, and wherein the parame-
ters include the center of the ellipse and the length

and orientation of the principles axes of the ellipse.

The system of claim 9, wherein the evaluation system is

configured to determine the parameters on the basis of

mathematical moments Mj; given by

M, =Y x'y f(x,y)
X,y

wherein x and y are coordinates where irradiances f(x, y)

are measured by the spot shape measuring unit.

A method of operating an illumination system for illu-
minating a mask in a microlithographic projection expo-

sure apparatus (10), comprising the following steps:

a) producing a plurality of projection light beams
(54a', 54b', 54m);

b) directing at least one projection light beam
(54m) on a spot shape measuring unit (106) that
is arranged outside of every possible path pro-
jection light is allowed to take between the ar-
ray (46; 120) and the mask (16);

c) measuring the shape of a spot (73m) that is pro-
duced by the at least one projection light beam

(54m) on the spot shape measuring unit (106),
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d) directing the other projection light beams (54a’',
54b') on a surface (71), wherein at least a por-

tion of the light on the surface (71) contributes

to an illumination of the mask (16).

The method of claim 11, wherein the at least one pro-
jection light beam (54m) moves over a detector surface
(108) of the spot shape measuring unit (106) during the

spot shape measurement.

The method of claim 11 or 12, comprising the step of
arranging the spots (73a, 73b) on the surface (71),
thereby taking into account the shapes of the spots

measured in step c).

The method of any of claims 11 or 13, comprising the

following steps:

e) measuring the shape of a spot produced by the at
least one projection light beam on the spot shape

measuring unit; and

f) arranging the spots on the surface, thereby tak-
ing into account the shapes of the spots measured

in step e).
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