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ILLOMINATION SYSTEM OF A
MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS

BACKGROUND OF THE INVENTION
1. Field of the Invention

The invention generally relates to an illumination system of
a microlithographic projection exposure apparatus, and in
particular to such an illumination system comprising an array
of micromirrors or other light deflecting elements that can
be individually controlled for variably illuminating a pupil

plane of the illumination system.
2. Description of Related Art

Microlithography (also referred to as photolithography or
simply lithography) is a technology for the fabrication of
integrated circuits, liquid crystal displays and other micro-
structured devices. The process of microlithography, in con-
junction with the process of etching, is used to pattern fea-
tures in thin film stacks that have been formed on a sub-
strate, 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 light of a certain
wavelength. Next, the wafer with the photoresist on top is
exposed to projection light through a mask in a projection
exposure apparatus. The mask contains a circuit pattern to be
imaged onto the photoresist. After exposure the photoresist
is developed to produce an image that corresponds to the cir-
cuit pattern contained in the mask. Then an etch process
transfers the circuit pattern into‘the thin film stacks on
the wafer. Finally, the photoresist is removed. Repetition of
this process with different masks results in a multi-layered

microstructured component.

CONFIRMATION COPY
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A projection exposure apparatus typically includes an illumi-
nation system that illuminates a field on the mask that may
have the shape of a rectangular or curved slit, for example.
The apparatus further comprises a mask stage for aligning the
mask, a projection objective (sometimes also referred to as
'"the lens') that images the illuminated field on the mask

onto the photoresist, and a wafer alignment stage for align-

'ing the wafer coated with the photoresist.

One of the essential aims in the development of projection
exposure apparatus is to be able to lithographically define
structures with smaller and smaller dimensions on the wafer.
Small structures lead to a high integration density, which
generally has a favorable effect on the performance of the
microstructured components produced with the aid of such ap-
paratus. Furthermore, with high integration densities more
components can be produced on a single wafer, which has a

positive effect on the throughput of the apparatus.

Various approaches have been pursued in the past to achieve
this aim. One approach is to improve the illumination of the
mask. Ideally, the illumination system of a projection expo-
sure apparatus illuminates each point of the field illumi-
nated on the mask with projection light having a well defined
total energy and angular irradiance distribution. The term
angular irradiance distribution describes how the total light
energy of a light bundle, which converges towards a particu-
lar point on the mask, is distributed among the various di-

rections of the rays that constitute the light bundle.

The angular irradiance distribution of the projection light
impinging on the mask is usually adapted to the kind of pat-
tern to be imaged onto the photoresist. For example, rela-
tively large sized features may require a different angular
irradiance distribution than small sized features. The most

commonly used angular irradiance distributions are referred
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to as conventional, annular, dipole and quadrupole illumina-
tion settings. These terms refer to the irradiance distribu-
tion in a pupil plane of the illumination system. With an an-
nular illumination setting, for example, only an annular re-
gion is illuminated in the pupil plane. Thus there is only a
small range of angles present in the angular irradiance dis-
tribution of the projection light, and all light rays impinge

obliquely with similar angles onto the mask.

Different means are known in the art to modify the angular
irradiance distribution of the projection light in the mask
plane so as to achieve the desired illumination setting. For
achieving maximum flexibility in producing different angular
irradiance distribution in the mask plane, it has been pro-
posed to use a spatial light modulator comprising a mirror
array that produces the desired irradiance distribution in

the pupil plane.

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 mirror can be tilted about two or-
thogonal tilt axes so that incident projection light is re-
flected along a direction which is determined by the tilt an-
gles of the‘respective mirror. A condenser lens arranged be-
tween the mirror array and a pupil plane translates the re-
flection angles produced by the mirrors into locations in the
pupil plane. There, or on an optical integrator which is ar-
ranged in or in - close vicinity to the pupil plane, each mir-
ror produces a light spot whose position can be varied by
tilting the mirror. Each light spot is freely movable across
the pupil plane or a light entrance surface of the optical

integrator by tilting the respective mirror.

Similar illumination systems using mirror arrays as spatial
light modulators are known from US 2006/0087634 Al, US 7 061
582 B2 and WO 2005/026843 A2.
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In excimer lasers, which are usually used as light sources in
the illumination system of VUV projection exposure apparatus,
beam pointing fluctuations occur. This means that the direc-
tion of the light beam emitted from the laser varies to some
extent in the long and/or short term. Since the light source
is often arranged several meters away from the mirror array,
even minute changes of the light beam direction result in
significant displaéements of the irradiance distribution
which is produced by the projection light on the mirror ar-
ray. This may ultimately lead to changes of the angular ir-
radiance distribution in the mask plane that cannot be toler-

ated.

WO 2009/080279 Al proposes to arrange an optical integrator
comprising a plurality of microlenses between the light
source and the mirror array. Adverse effects of beam pointing
fluctuations on the stability of the angular irradiance dis-
tribution at mask level are thus avoided. However, the provi-
sion of an optical integrator significantly contributes to
the costs of the illumination system and increases its com-

plexity.
SUMMARY OF THE INVENTION

It is an objecf of the present invention to provide an illu-
mination system of a microlithographic projection exposure
apparatus which is capable of producing a stable angular dis-
tribution of the projection light at mask level even without
an optical integrator that is arranged in front of the mirror

array.

In accordance with the present invention, this object 1is
achieved by an illumination system of a microlithographic
projection exposure apparatus that comprises a light source
being configured to produce a projection light beam, a pupil

plane, a control unit and a spatial light modulator. The lat-
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ter is arranged between the light source and the pupil plane
and comprises an array of light deflecting elements. Each
such element is capable of individually deflecting impinging
projection light in a direction which depends on a command
signal réceived from the control unit. The projection light
produces an irradiance distribution on the array of light de-
flecting elements. The irradiance distribution or its enve-
lope has, along at least one direction, an increasing slope
and a decreasing slope. In accordance with the present inven-
tion the control unit is configured to control the light de-
flecting elements in such a way that a first light deflecting
element, which is located at the increasing slope, and a sec-
ond light deflecting element, which is located at the de-
creasing slope, deflect impinging projection light so that it

at least partly overlaps in the pupil plane.

The invention is based on the perception that with such a
control scheme displacements of the irradiance distribution,
which is produced by the projection light beam on the array
of light deflecting elements, will not significantly affect
the total irradiance at the position in the pupil plane where
the projection light deflected from the first and second
light deflecting elements at least partly overlaps. This is
because an increase of the irradiance on the first light de-
flecting element as a result of a displacement of the irradi-
ance distribution is always accompanied by a similar or even
identical decrease of the irradiance on the second light de-
flecting element. Due to this partial or even complete mutual
compensation the total irradiance is at least substantially
constant at a pupil position where the projection light de-
flected from the first and second light deflecting elements
at least partly overlaps.

If this control scheme is applied to all or at least to a
significant portion, for example more than 80%, of the light
deflecting elements, displacements of the irradiance distri-

bution along the at least one direction as a result of beam
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pointing fluctuations cannot significantly compromise the
stability of the angular light distribution at mask level: at
least the residual fluctuations of the angular light distri-
bution at mask level can be made so small that they can be
tolerated.

As a matter of course, the light deflecting elements may also
be controlled in such a way that not only two, but three or
more light deflecting elements illuminate the same spot in
the pupil plane. For example, there may be N =1, 2, 3, ..,
first light deflecting elements, which are located at the in-
creasing slope, and M = 1, 2, 3, 4, .. second light deflecting
elements, which are located at the decreasing slope. Then all
light deflecting elements deflect impinging projection light
so that it at least partly overlaps in the pupil plane. If
there are three or more light deflecting elements that con-
tribute to the irradiance at a single pupil plane position,
the absolute values of the steepness of the slopes, where the
light deflecting elements are located, may differ to a larger

extent.

In particular, if N first light deflecting elements D;, with
i=1, 2, 3, 4, .., N located at the increasing slope (72),
and M second light deflecting elements Dy, 3 =1, 2, 3, 4, ..,
M located at the decreasing slope deflect impinging projec-
tion light so that it at least partly overlaps at a spot in
the pupil plane, the inequation

(S1 + S2) < 0.1-(IS11+18S21)

may hold. Here S; = (I1-dy) + (Iz-dy) + (Iz+ds) +.. + (Iy-dy),
wherein I; is the irradiance on the first beam deflecting
element D; and d;i 1s the directional derivative of the ir-
radiance distribution along the at least-one direction at the
location of the first beam deflecting element D;, and S; =
(In+di) + (Iz+dz) + (I3+d3) +..+ (Iu*dw), wherein Iy is the ir-

radiance on the second beam deflecting element Dy and dj is
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the directional derivative of the irradiance distribution

"along the at least one direction at the location of the sec-

ond beam deflecting element Dj.

Illustratively speaking, the sum of the directional deriva-
tives weighed by the irradiances and taken over all light de-
flecting elements should be small compared to the directional

derivative of a single spot. Ideally, said sum is zero.

If the irradiance distribution shifts not only along one di-
rection, but along two orthogonal directions, it may be nec-
essary to form groups of at least four light deflecting ele-
ments in which four pairs of light deflecting elements are
controlled in the manner described above. As a matter of
course, this again implies that all four light deflecting
elements direct the projection light to the same position in

the pupil plane.

When manufacturing the illumination system it is often not
known how far away the light source will eventually be ar-
ranged from the mirror array after the entire apparatus has
been installed in a semiconductor plant. Consequently beam
pointing fluctuations may become an issue or not. In .order to
be able to produce a stable angular light distribution at
mask level irrespective of the distance between the light
source and the array, the control scheme as described above
may be implemented in the illumination system at any rate,
i.e. even if during the later operation of the illumination
system the irradiance distribution on the array of light de-
flecting elements shifts only by insignificant distances
along the at least one direction. The provision of the con-
trol scheme as a kind of safety measure is possible because
the control scheme is not associated with any substantial
disadvantages, and therefore it may be applied even if its
benefits are not required in a specific installation of the
projection exposure apparatus.In one embodiment the illumina-

tion system comprises a first reflecting surface, which is
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arranged so as to direct the projection light towards the ar-
ray of light deflecting elements. A second reflecting surface
is arranged to direct projection light deflected by the array
of light deflecting elements towards the pupil plane. The
first and second reflective surface may be planar, and in
particular may be formed by surfaces of a prism. Then the
prism (or the arrangement of reflecting surfaces) and the
mirror array may simply replace, without a need to completely
redesign the illumination system, an exchangeable diffractive
optical element that is used in a conventional illumination
system to produce different irradiance distributions in the

pupil plane.

In another embodiment the illumination system comprises a
zoom optical system which is arranged between the spatial
light modulator and the pupil plane. This makes it possible
to change the dimensions of the irradiance distribution with-
out changing the deflection angles produced by the light de-

flecting elements.

In some embodiments the projection light associated with the
first and second light deflecting element overlaps in the pu-
pil plane to such an extent that a first line, on which an

irradiance produced in the pupil plane by‘the first light de-
flecting element has dropped to 50% of a first maximum ir-

radiance, and a second line, on which an irradiance produced
in the pupil plane by the second light deflecting element has
dropped to 50% of a second maximum irradiance, abut or over-

lap.

The light deflecting elements may, for example, be realized
as micromirrors that can be tilted around at least one tilt
axis, or as transparent elements that use the electro- or
acousto-optical effect to deflect impinging light into vari-

ous directions.
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Subject of the invention is also a method of operating an il-
lumination system of a microlithographic projection exposure

apparatus. This method comprises the following steps:

a) providing a spatial light modulator that comprises an
array of light deflecting elements, wherein a light spot
in a pupil plane is associated with each light deflect-

ing element;

b) producing an irradiance distribution on the array of
light deflecting elements, wherein said irradiance dis-
tribution or its envelope has, along at least one direc-

tion, an increasing slope and a decreasing slope,

c) controlling the light deflecting elements in such a way
that a first light spot, which is produced by a first
light deflecting element located at the increasing
slope, and a second light spot, which is produced by a
second light deflecting element located at the decreas-

ing slope, at least partly overlap in the pupil plane.

The above remarks made in connection with the illumination
system in accordance with the present invention apply here as

well.
DEFINITIONS

The term "light" denotes any electromagnetic radiation, in

particular visible light, UV, DUV and VUV light.

The term "light ray" is used herein to denote light whose

path of propagation can be described by a line.

The term "light bundle" is used herein to denote a plurality
of light rays that emerge from and/or converge to a single

point.

The term "light beam"” is used herein to denote all light that

passes through a particular lens or another optical element.
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The term "surface" is used herein to denote any planar or

curved surface in the three-dimensional space. The surface

may be part of a body or may be completely separated there-

from, as it is usually the case with a field or a pupil

plane.

The term "optically conjugate" is used herein to denote an
imaging relationship between two points or two surfaces. Thus
a light bundle emerging from a point converges at an opti-

cally conjugate point.

The term "field plane” is used herein to denote a plane that

is optically conjugate to the mask plane.

The term "pupil plane” is used herein to denote a plane in
which marginal rays passing through different points in the
mask plane or another field plane intersect. As usual in the
art, the term "pupil plane" is also used if it is in fact not
a plane in the mathematical sense, but is slightly curved so
that, in a strict sense, it should be referred to as pupil

surface.

The term "condenser" is used herein to denote an optical ele-
ment or an optical system that establishes (at least approxi-
mately) a Fourier relationship between two planes, for exam-

ple a field plane and a pupil plane.

The term "uniform" is used herein to denote a property that

does not depend on the position.

The term "spatial irradiance distribution” is used herein to
denote how the total irradiance varies over a surface on
which light impinges. Usually the spatial irradiance distri-
bution can be described by a function L y), with x, y being

spatial coordinates of a point in the surface.

The term "angular irradiance distribution”™ is used herein to

denote how the irradiance of a light bundle varies depending
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on the angles of the light rays that constitute the light

bundle. Usually the angular irradiance distribution can be

described by a function I(a, f), with a, p being angular coor-

dinates describing the directions of the light rays. If the

angular irradiance distribution has a field dependency, I

will be also a function of field coordinates x,y, i. e. ;=

Io (o, B, %, 3).

The term "optical integrator" is used herein to denote an op-
tical system that increases the product NA-.a, wherein NA is

the numerical aperture and a is the illuminated field area.

The term "optical raster element" is used herein to denote
any optical element, for example a lens, a prism or a dif-
fractive optical element, which is arranged, together with
other identical or similar optical raster elements, on a com-
mon support so that they commonly form an optical raster

plate.
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 drawings in which:

FIG. 1 is a schematic perspective view of a projection ex-
posure apparatus in accordance with one embodiment

of the present invention;

FIG. 2 is a meridional section through an illumination
system which is contained in the apparatus shown in

FIG. 1;

FIG. 3 is a perspective view of a micromirror array con-

tained in the illumination system shown in FIG. 2;
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FIG.

FIG.

FIG.

FIG.

FIG.

FIG.

FIG.
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is a perspective view of an optical integrator that
is contained in the illumination system shown in

FIG. 2;

is a schematic meridional section through the mi-
cromirror array, the first condenser and the first
optical raster plate of the illumination system

shown in FIG. 2;

is a graph showing the irradiance distribution
along the X direction that is produced by projec-
tion light on the micromirror array shown in FIGS.

2 and 3; -

is a top view on the micromirror array in which the
irradiance distribution shown in FIG. 6 is also in-

dicated;

is a graph similar to FIG. 6 which illustrates how
the irradiances on two arbitrary micromirrors gen-
erally changes if the irradiance distribution on

the micromirror array is displaced along the X di-

rection;

is a schematic meridional section similar to FIG. 5
that illustrates how spots produced by two mi-
cromirrors arranged at opposite sides of the ir-

radiance distribution overlap;

10a and 10b are graphs similar to FIG. 8 which illus-

11

trate how displacements of the irradiance distribu-
tion on the micromirror array along the +X and the
-X direction, respectively, affect the irradiances
on the two micromirrors in accordance with the pre-

sent invention;

is a meridional section through an illumination

system similar to FIG. 2 according to an alterna-
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tive embodiment, in which a microlens array is used
to divide the projection light beam into a plural-
ity of individual light beams that are directed

onto the micromirror array:;

FIG. 12 is a top view on the microlens array of the illumi-

nation system shown in FIG. 11;

FIG. 13 shows a cross section along line XIII-XIII through

the microlens array shown in FIG. 12;

FIG. 14 is a top view similar to FIG. 12, but also showing
the irradiance distribution on the rear side of the

microlens array;

FIG. 15 is a graph similar to FIG. 10a which illustrates
how a displacement of the irradiance distribution
on the micromirror array along the +X direction af-

fects the irradiances on the two micromirrors;

FIG. 16 is a flow diagram illustrating important method

steps of the present invention.
DESCRIPTION OF PREFERRED EMBODIMENTS

I.

General Construction of Projection Exposure Apparatus

FIG. 1 is a perspective and highly simplified view of a pro-

jection exposure apparatus 10 in accordance with the present

invention. The apparatus 10 comprises an illumination system

12 which produces a projection light beam. The latter illumi-
nates a field 14 on a mask 16 containing a pattern 18 of fine
features 19. In this embodiment the illuminated field 14 has

a rectangular shape. However, other shapés of the illuminated
field 14, for example ring segments, are contemplated as

well.
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A projection objective 20 having an optical axis OA and con-
taining a plurality of lenses 21 images the pattern 18 within
the illuminated field 14 onto a light sensitive layer 22, for
example a photoresist, which is supported by a substrate 24.
The substrate 24, which may be formed by a silicon wafer, is
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 P with [BI< 1, a minified image 18' of the pat-
tern 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 corresponds to the Y direction
indicated in FIG. 1. The illuminated field 14 then scans over
the mask 16 so that patterned areas larger than the illumi-
nated field 14 can be continucusly imaged. The ratio between

the velocities of the substrate 24 and the mask 16 is equal

to the magnification P of the projection objective 20. If the

projection objective 20 inverts the image (p < 0), the mask

16 and the substrate 24 move in opposite directions, as this
is indicated in FIG. 1 by arrows Al and A2. However, the pre-
sent invention may also be used in stepper tools in which the
mask 16 and the substrate 24 do not move during the projec-

tion of the mask.
IT.
General Construction of Illumination System

FIG. 2 is a meridional section through the illumination sys-
tem 12_shown in FIG. 1. For the sake of clarity the illustra-
tion of FIG. 2 is considerably simplified and not to scale.
This particularly implies that different optical units are

represented by one or very few optical elements only. In re-
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ality, these units may comprise significantly more lenses and

other optical elements.

The illumination system 12 includes a housing 29 and a light
source 30 that 1is, in the embodiment shown, realized as an
excimer laser. The light source 30 emits a beam 31 of projec-
tion light having a wavelength of about 193 nm. Other types
of light sources 30 and other wavelengths, for example 248 nm

or 157 nm, are also contemplated.

The projection light beam 31 emitted from the light source 30
passes through a channel which is usually referred to as beam
delivery 40. Within the beam delivery 40 a first planar beam
path folding mirror 42 is arranged in this embodiment. The
total length of the beam delivery 40 is typically in a range
between 2 m and 25 m. The dimensions and the shape of the
beam delivery 40 and also the number of beam path folding
mirrors contained therein depend on the local conditions pre-
vailing where the projection exposure apparatus 10 is to be

installed.

After leaving the beam delivery 40, the projection light beam
31 is deviated by a second beam path folding mirror 44 and
enters a beam expansion unit indicated at 32 in which the
projection light beam 31 is expanded. To this end the beam
expansion unit 32 may comprise several lenses, for example a
negative and a positive lens as shown in FIG. 2, and/or sev-
eral planar mirrors. After the expansion the light beam 31

has still a low divergence, 1. e. it is almost collimated.

The expanded light beam 31 impinges on a spatial light modu-
lator 38 that is used to produce variable spatial irradiance
distributions in a subsequent pupil plane. In this embodiment
the spatial light modulator 38 comprises an array 40 of mi-
cromirrors 42 that .can be individually tilted about two or-
thogonal axes with the help of actuators comprising elec-

trodes 41 (see enlarged cutout C). The spatial light modula-
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tor 38, and in particular the actuators 41 for the micromir-
rors 42, are controlled by a control unit 43 which is con-

nected to an overall system control 45.

FIG. 3 is a perspective view of the array 40 illustrating how
light rays R1l, R2 are reflected into different directions de-
pending on the tilting angles of the micromirrors 42 on which
the light rays R1, R2 impinge. In FIGS. 2 and 3 the array 40
comprises only 6x6 micromirrors 42; in reality the array 40
may comprise several hundreds or even several thousands mi-

cromirrors 42.

Referring again to FIG. 2, the spatial light modulator 38
further comprises a prism 46 having a first planar surface
48a and a second planar surface 48b that are both inclined
with respect to an optical axis 47 of the illumination system
12. At these inclined surfaces 48a, 48b the projection light
beam 31 is reflected by total internal reflection. The first
surface 48a reflects the impinging projection light beam 31
towards the micromirrors 42 of the array 40, and the second
surface 48b directs the light beams reflected from the mi-
cromirrors 42 towards a planar exit surface 49 of the prism
46. As a matter of course, the prism 46 may be replaced by an

arrangement of planar mirrors.

The directions of the reflected light beams, and thus the an-
gular irradiance distribution of the projection light emerg-
ing from the exit surface 49 of the prism 46, can thus be
varied by individually tilting the micromirrors 42 of the ar-
ray 40 around their tilt axes. More details with regard to
the spatial light modulator 38 can be gleaned from US
2009/0115990 A1, for.example.

The angular irradiance distribution produced by the spatial
light modulator 38 is transformed into a spatial irradiance
distribution with the help of a first condenser 50 which di-

rects the impinging projection light towards an optical inte-
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grator 52. In this embodiment the first condenser 50 is
formed by a zoom optical system having a variable focal
length. To this end the first condenser may comprise a plu-
rality of lenses from which two or more can be displaced
along the opticél axis 47 with the help of actuators (not
shown). The diameter of the irradiance distribution produced
by the spatial light modulator 38 can thus be varied by
changing the focal length of the first condenser 50.

The optical integrator 52 comprises, in the embodiment shown,
a first optical raster plate 54a and a second optical raster
plate 54b. A light entrance surface 55 of the first optical
raster plate 54a is arranged in a back focal plane of the
first condenser 50, and the micromirrors 42 are arranged ap-
proximately in its front focal plane so that a Fourier rela-
tionship is established between the micromirrors 42 on the
one hand and the light entrance surface 55 of the first opti-

cal raster plate 54a on the other hand.

As can be seen in the perspective view of the optical inte-
grator 52 shown in FIG. 4, each optical raster plate 54a, 54b
includes two orthogonal arrays of first and second cylindri-
cal microlenses 53, 57 that are arranged on opposite sides of
the optical raster plates 54a, 54b. The second cylindrical
microlenses 57 extending along the Y axis are more strongly
curved than the first cylindrical microlenses 53 extending
along the X direction. A volume that is confined by two in-—
tersecting orthogonal cylindrical microlenses 53, 57 defines
an optical raster élement 59 having a refractive power along
the X and the Y direction. However, due to the different cur-
vatures of the first and second cylindrical microlenses 53,.
57, the optical raster elements 59 have a stronger refractive

power along the X direction than along the Y direction.

Referring again to FIG. 2, the optical integrator 52 produces
a plurality of secondary light sources in a subsequent pupil

plane 56 of the illumination system 12. A second condenser 58
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establishes a Fourier relationship between the pupil‘plane 56
and a field stop plane 60 in which an adjustable field stop
62 is arranged. The second condenser 58 thus superimposes the
light beams emerging from the secondary light sources in the
field stop plane 60 so that the latter is illuminated very

homogenously.

The field stop plane 60 is imaged by a field stop objective
64 onto a mask plane 66 in which the mask 16 supported on a
mask stage (not shown) is arranged. Also the adjustable field
stop 62 is thereby imaged on the mask plane 66 and defines at
least the lateral sides of the illuminated field 14 extending

along the scan direction Y.

The spatial irradiance disfribution on the light entrance
surface 55 of the first optical raster plate 54a determines
the spatial irradiance distribution in the pupil plane 56 and
thus the angular irradiance distribution in the field stop
plane 60 and the mask plane 66. As can be seen in the sche-
matic and simplified meridional section of FIG. 5, the spa-
tial irradiance distribution on the light entrance surface 55
is, in turn, determined by the tilting angles of the mi-
cromirrors 42. Each micromirror 42 illuminated by projection
light produces a single light épot 70 on the light entrance
surface 55 of the first optical raster plate 54a. The posi-
tion of this light spot 70 can bevfreely varied by tilting
the associated micromirror 42. By carefully setting the tilt-
ing angles of the micromirrors 42 with the help of the actua-
tors 41 that are controlled of the control unit 43, it is
thus possible to quickly produce almost any arbitrary angular
irradiance distribution in the mask plane 66. This makes it
possible to quickly adapt the angular irradiance distribution
in the mask plane 66 to the pattern 18 contained in the mask
16. By using an angular irradiance distribution which is spe-
cifically tailored to the pattern 18, the latter can be im-

aged more accurately onto the light sensitive layer 22.
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III.

Laser Beam Pointing Fluctuations

The direction of the projection light beam 31 emitted by the
light source 30 is usually subject to beam pointing fluctua-
tions. This means that the direction of the projection light
beam 31 is not perfectly stable in time, but varies to some

extent.

The origin bf beam pointing fluctuations may be mechanical
vibrations, for example vibrations that have been picked up
from the ground or which result from the rapid exchange of
gas in excimer lasers. Such beam pointing fluctuations often
have a frequency between some 10 Hz up to some 10 kHz. An-
other cause for beam pointing fluctuations are drift effects
which are often induced by thermal effects. Drift effects of-
ten occur in the long term, and thus the beam pointing fluc-
tuations may become apparent only over longer time periods,

for example some minutes, days or even months.

In those excimer lasers that are typically used as light
source 30, the maximum angular fluctuations have been succes-

sively reducedito values well below 0.1 mrad. In spite of

- these minute values, however, the displacement of the irradi-

ance distribution, which is produced by the projection light
on the array 40 of micromirrors 42, may be significant due to
the sometimes very long distances between the light source 30

and the array 40.

This is illustrated in FIG. 2 for a projection light beam 31'
having a propagation direction which slightly deviates from
the direction of the undisturbed projection light beam 31.
After passing through the long beam delivery 40, the slightly
tilted projection light beam 31' impinges on the spatial
light modulator 38 with a displacement Ax along the X direc-

tion.
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FIG. 6 is a graph showing in solid lines the irradiance dis-
tribution 310 across a diameter of the projection light beam
31 along the X direction at the entrance side of the spatial
light modulator 38. The irradiance distribution 310 has ap-
proximatgly a Gaussian shape, although it may have in reality
a flatter central section than shown. With a broken line the
irradiance distribution 310' for the projection light beam
31" is shown that has been produced by the light source 30 as
a result of beam pointing fluctuations. The maximum displace-

ment along the X direction is indicated again by Ax.

FIG. 7 is a top view on the array 40 of micromirrors 42 which
illustrates how beam pointing fluctuations affect the illumi-
nation of the micromirrors 42. The irradiance distribution
310 on the array 40 produced by the undisturbed projection
light beam 31 is represented by a circular solid line indi-
cating positions where the maximum intensity occurring at the
center of the projection light beam 31 has dropped to 10%,
and also by a Gaussian curve as shown in FIG. 6. If light
losses shall be reduced, it is of course possible to deviate
from the square arrangement of micromirrors 42 and to adapt

the arrangement of micromirrors 42 better to the substan-

‘tially circular cross-section of the projection light beam

31. The exact intensity profile is obtained by convoluting
the shape of the exit aperture of the excimer laser used as
light source 30 and its divergence. Therefore, as'an alterna-
tive, the exit aperture of the excimer laser used as light
source 30 may be modified so that the cross secticn of the
projection light beam 31 approximates a square, as this 1is

the case in the embodiment shown below in FIG. 14.

With broken lines a displaced irradiance distribution 310" is
indicated that is produced by the slightly tilted projection.
light beam 31'. It can be seen that the irradiance on each
individual micromirror 42 changes if the irradiance distribu-
tion is displaced in the short or the long term as a result

of beam pointing fluctuations. Since a single light spot 70
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is produced by each micromirror 42 on the light entrance sur-
face 55 of the first optical raster plate 54a, and thus also
in the subsequent pupil plane 56 of the illumination system
12, beam pointing fluctuations thus change the irradiances of
the spots produced in the pupil plane. However, the irradi-
ance distribution in the pupil plane 56, which is a superpo-
sition of all spots 70 produced by the micromirrors 42, has
to be kept constant so as to prevent that the structures 19
on the mask 14 are imaged with varying quality on the light

sensitive layer 22.

FIG. 8 illustrates how beam pointing fluctuations generally
modify the irradiances on two different micromirrors which
are spaced apart by a distance along the X direction. For the
sake of simplicity it is again assumed that the irradiance
distribution 310' is displaced only along the X direction.
The irradiance distribution may be displaced, as a matter of

course, also or exclusively along the Y direction.

As a result of the Gaussian irradiance distribution 310 of
the projection light beam 31 shown in FIG. 6, irradiances
420a, 420b on two micromirrors 42 having different x coordi-

nates are generally different, as it can be seen in FIG. 8.

For the displaéed irradiance distribution 310' produced by
the tilted projection light beam 31', the irradiances 420a',
420b' on the same micromirrors 42 are significantly higher
than before. Consequently, also the light spots 70 produces
by these micromirrors 42 will be brighter so that the irradi-
ance distribution in the pupil plane 56 changes. This, in
turn, leads to changes of the angular distribution of projec-
tion light at mask level, and thus the beam pointing fluctua-
tions eventually result in fluctuations of the imaging qual-

ity.
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Iv.

Micromirror Control

In the following it will be explained with reference to FIGS.
7, 9, 10a and 10b how such adverse effects can be avoided by
a sophisticated control scheme applied by the control unit
43.

In this embodiment the micromirrors 42 are controlled by the
control unit 43 in such a way that always pairs of light
spots 70a, 70b completely or at least partly overlap in the
pupil plane 56. Since the optical integrator 52 modifies only
the divergence of light passing through it, this is equiva-
lent to a light spot overlap on the preceding light entrance
surface 55 of the first optical raster plate 54a, as this is
shown in FIG. 2 and the simplified cutout of FIG. 9. Gener-
ally the overlap of the spots 70a, 70b may be so large that a
first line 7l1a, on which an irradiance produced in the pupil
plane 56 by the first light deflecting element 42a has
dropped to 50% of a first maximum irradiance Ii,max, and a
second line 71b, on which an irradiance produced in the pupil
plane 56 by the second light deflecting element 42b has
dropped to 50% of a second maximum irradiance I, max, abut or

even overlap.

As can be seen in FIGS. 7 and 9, the micromirrors 42 produc-
ing the overlapping light spots 70a, 70b are selected such
that a first light spot 70a is produced by a first micromir-
ror 42a which is located at the increasing slope 72 of the
irradiance distribution 310 which is produced by the projec-
tion light beam 31 on the array 40 of micromirrors 42. The
second light spot 70b is produced by a micromirror 42b which
is located on  the decreasing slope 74 of the irradiance dis-

tribution 310.

The total irradiance in the pupil plane 56 (or at the preced-

ing light entrance surface 55) at the position, where the two
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light spots 70a, 70b produced by the micromirrors 42a, 42b
completely or at least partly overlap, is substantially (i.e.
if light losses are disregarded) the sum of the irradiances
on the two micromirrors 42a, 42b. Since a perfect overlap of
the light spots 70a, 70b may be difficult to.achieve and the
irradiance within each light spot 70a, 70b is generally not
uniform, the sum of the irradiances should be considered as
an integral over the irradiances over the overlapping areas
which are illuminated in the pupil plane 56 by the two light
spots 70a, 70b.

The graph shown in FIG. 10a indicates by white circles the
irradiances 420a, 420b on the two micromirrors 42a and 42b,
respectively. If the irradiance distribution is displaced
along the -X ‘direction as a result of beam pointing fluctua-
tions, as it is shown in FIG. 10a with a broken line 310°',
this will reéult in different irradiances 420a', 420b' on the
micromirrors 42a, 42b, as it has been explained above with
reference to FIG. 8. However, since the micromirrors 42a, 42b
that contribute to the irradiance at the same position in the
pupil plane 56 are located at opposite slopes 72, 74 of the
irradiance distribution 310, a displaéement of the latter
along the -X direction has the result that the irradiance on
the first micromirror 42a increases from 420a to 420a’',
whereas the irradiance on the second micromirror 42b de-
creases from 420b to 420b'. In other words, the increase of
the irradiance 420a on the first micromirror 42a is partially
or even completely compensated for by a decrease of the ir-=
radiance 420b on the second micromirror 42b. Thus displace-
ments of the irradiance distribution 310 on the array 40

caused by beam pointing fluctuations have only very little or

even no effect at all on the irradiance distribution on the

light entrance surface 55 and thus in the subsequent pupil

plane 56.

FIG. 10b illustrates the situation i1f the irradiance distri-

bution 310' produced by the tilted projection light beam 31°
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is displaced along the +X direction with respect to the un-
disturbed irradiance distribution 310. It can be seen that
again the sum of the irradiances on the micromirrors 42a, 42b

is not significantly affected by such a displacement.

From FIGS. 10a and 10b it becomes clear that the mutual com-
pensation of the changes of irradiances 420a, 420b on the mi-
cromirrors 42, 42b.becomes better the more similar the steep-
nesses of the slopes 72, 74 are, 1in absolute terms, at the
locations of the first and second micromirror 42a, 42b. For
example, if a micromirror was selected as the second mi-
cromirror that is located closer to the center of the irradi-
ance distribution 310, the irradiance denoted by a dotted
circle 420c in FIG. 10a would decrease only to irradiance
420c'. This decrease is much less than the increase of the
irradiance 420a to 420a' on the first micromirror 42a, and

consequently the mutual compensation would be small, too.

This may be "repaired" if there are more than one first and
second micromirror that contribute to the irradiance at the
same position in the pupil surface 56. For example, 1f the
first micromirror 42a is located as before, and two second
micromirrors, which also direct the projection light towards
the same position in the pupil plane 56, are located close to
the center of the irradiance distribution as it is indicated
with irradianceb420cvin FIG. 10a, an almost complete mutual

compensation 1s possible.

V.

Alternative Embodiments

FIG. 11 is a meridional section through an illumination sys-
tem 12 according to an alternative embodiment. In this em-
bodiment the first condenser 50 has a fixed focal length.
Furthermore, a microlens array 36 comprising a plurality of
microlenses 37 is arranged between the beam expansion unit 32

and the spatial light modulator 38.
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FIG. 12 is a top view on the microlens array 36, and FIG. 13
shows a cross section through the microlens array 36 along
line XIIII-XIII. Each microlens 37 has a square borderline.
As can best be seen in the cross-section of FIG. 13, the mi-
crolenses 37 are planar-convex lenses having a positive re-
fractive power. Thus the substantially parallel projection
light 31 impinging on the microlens array 36 is divided into
a plurality of individual converging light beams, from which
only two denoted by LB1, LB2 are shown in FIG. 11. After en-
tering the prism 46, each light beam LBl, LB2 impinges on one
of the micromirrors 42 of the array 40. The focal length of
the microlenses 37 is determined such that the diameter of
the light beams LB1, LB2 at the micromirrors 42 is smaller
than the maximum dimension of their mirror surface. Then no
projection light is incident on gaps between adjacent mi-
cromirrors 42. This has not only the advantage of reducing
light losses, but also pfevents projection light from heating
up electronic components that are arranged at the bottom of

the gaps.

FIG. 14 shows, in a top view similar to FIG. 7, the microlens
array 36 and the irradiance distribution 310 which is pro-
duced by the projection light beam 31 on its rear planar sur-
face. Similar to FIG. 7, the irradiance distribution 310 is
represented by a line indicating positions where the maximum
intensity has dropped to 10%, and a curve indicating the
Gaussian irradiance profile. With broken lines an irradiance
distribution 310' is indicated which is displaced along the X

direction as a result of beam pointing fluctuations.

FIG. 15 shows, in a graph similar to FIG. 10a, how such a

displacement affects the irradiances on the first and second
micromirrors 42a, 42b along the X direction. As a result of
the focusing effect produced by the microlenses 37, the ir-
radiance distribution 310M on the array 40 is obtained by a
modulation Qf the irradiance distribution 310 on the rear

side of the microlens array 36 with a periodic function hav-
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ing a spatial frequency which is equal to the pitch of the
micromirrors 42. The envelope 310E of the irradiance distri-
bution 310M on the array 40 is thus approximately propor-
tional to the irradiance distribution 310 on the rear side of
the microlens array 36 shown in FIG. 14. The same also ap-
plies to the displaced irradiance distribution 310M' and its

envelope 310E' being a result of beam pointing fluctuations.

The micromirrors 42 are controlled by the control unit 43 in
the same manner as it has been explained above with reference
to FIGS. 7, 9, 10a and 10b. The only modification is that the
two micromirrors 42a, 42b which contribute to the irradiance
at the same position in the pupil plane are not located at
the opposite sides of the modulated irradiance distribution
310M on the array 40, but on opposite sides of its envelope
310E.

VI.
Important method steps

FIG. 16 is a flow diagram which illustrates important steps
of operating a microlithographic projection exposure appara-

tus in accordance with the present invention.

In a first step S1 a spatial light modulator comprising an

array of light deflecting elements is provided.

In a second step S2 an irradiance distribution having an in-
creasing slope and a decreasing slope is produced on the ar-

ray.

In a third step S3 the light deflecting elements are con-
trolled in such a way that a first light spot, which is pro-
duced by a first light deflecting element located at the in-
creasing slope, and a second light spot, which is produced by
a second light deflecting element located at the decreasing

slope, at least partly oVerlap in a pupil plane.
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CLAIMS

An illumination system of a microlithographic projec-

tion exposure apparatus (10), comprising

a) a light source (30) that is configured to produce

a projection light beam (31),

b) a pupil plane (56),
c) a control unit (43) and

d) a spatial light modulator (38) which

- is arranged between the light source (30)

and the pupil plane (56) and

- comprises an array (40) of light deflecting
elements (42) each being capable of indi-
vidually deflecting impinging projection
light in a direction which depends on a
command signal received from the control

unit (43),

wherein the projection light produces an irradi-
ance distribution (310; 310M) on the array (20)
of light deflecting elements (42), said irradi-
ance distribution (310) or its envelope (310E)
having, along at least one direction (X), an in-

creasing slope (72) and a decreasing slope (74),
wherein

the control unit (43) is configured to control the
light deflecting elements (42) in such a way that a
first light deflecting element (42a), which is located

at the increasing slope (72), and a second light de-
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flecting element (42b), which is located at the de-
creasing slope (74), deflect impinging projection light
so that it at least partly overlaps in the pupil plane
(56) .

The illumination system of claim 1 , wherein an emis-
sion direction of the projection light beam (31) varies
during operation of the illumination system (12) so
that the irradiance distribution (310; 310M) on the ar-
ray (20) of light deflecting elements (42) shifts along

the at least cne direction (X).

The illumination system of claim 1 or 2, wherein N
first light deflecting elements D;, with i =1, 2, 3,

4, .., N located at the increasing slope (72), and M |
second light deflecting elements Dy, j = 2, 3, 4, .., M
located at the decreasing slope (74) deflect impinging
projection light so that it at least partly overlaps at
a spot in the pupil plane (56), wherein

(S1 + Sy) < 0.1-(IStl+IS2l)

with S; = (I;+di) + (Ip-dp) + (Is-ds) +.. + (Iy*dy), wherein
I; is the irradiance on the first beam deflecting ele-
ment D; and d; is the directional derivative of the ir-
radiance distribution along the at least one direction
at the location of the first beém deflecting element

Di, and

with Sy, = (I;+d;) + (Is-dy) + (Is-ds) + ..+ (Iwdy), wherein
Iy is thé irradiance on the second beam deflecting ele-
ment Dy énd ds; is the directional derivative of the ir-
radiance distribution along the at least one direction
at the location of the second beam deflecting element

D;.

The illumination system of any of the preceding claims,

comprising a first reflecting surface (48a), which is
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arranged so as to direct the projection light towards
the array (20) of light deflecting elements (42), and a
second reflecting surface (48b), which is arranged to
direct projection light deflected by the array (20) of
light deflecting elements (42) towards the pupil plane

- (56).

The illumination system of claim 4, wherein the first
reflecting surface (48a) and the second reflecting sur-

face (48b) are contained in a prism (46).

The illumination system of any of the preceding claims,
comprising a zoom optical system (50) which is arranged
between the spatial light modulator (38) and the pupil

plane (56).

A method of operating an illumination system of a mi-
crolithographic projection exposure apparatus, wherein

the method comprises the following steps:

a) providing a spatial light modulator (38) that
comprises an array (20) of light deflecting ele-
ments (42), wherein a light spot (70; 70a, 70b)
in a pupil plane is associated with each light

deflecting element (42);

b) producing an irradiance distribution (310; 310M)
on the array (20) of light deflecting elements
(42), wherein said irradiance distribution (310)
or its envelope (310E) has, along at least one
direction (X), an increasing slope (72) and a de-

creasing slope (74),

c) controlling the light deflecting elements (42) in
such a way that a first light spot (70a), which
is produced by a first light deflecting element
(42a) -located at the increasing slope (72), and a

second light spot (70b), which is produced by a



10

15

20

25

30

WO 2014/056513 PCT/EP2012/004212

- 30 -

second light deflecting element (42b) located at
the decreasing slope (74), at least partly over-

lap in the pupil plane (56).

The method of claim 7, wherein an emission direction of
the projection light beam (31) varies during operation

of the illumination system (12) so that the irradiance

distribution (310; 310M) on the array (20) of light de-
flecting elements (42) shifts along the at least one

direction (X).

The method of claim 7 or 6, wherein N first light de-
flecting elements D;j, with i =1, 2, 3, 4, .., N located
at the increasing slope (72), and M second light de-
flecting elements D;, j = 2, 3, 4, .., M located at the
decreasing slope (74) deflect impinging projection
light so that the spots produced by the first and sec-
ond light deflecting elements at least partly overlap
in the pupil plane (56), wherein

(St + S2) < 0.1-(ISy]+IS21)

with S; = (I;+di) + (Ip-dp) + (Is-ds) +.. + (Iyx*dy), wherein
I; is the irradiance on the first beam deflecting ele-
ment D; and d; is the directiocnal derivative of the ir-
radiance distribution along the at least one direction
at the location of the first beam deflecting element
D;, and '

with S; = (I;+dy) + (Ip+dy) + (Is-di) +.. + (Iy'dy), wherein
I; is the irradiance on the second beam deflecting ele-
ment Dy and dj is the directional derivative of the ir-
radiance distribution along the at least one direction
at ‘the location of the second beam deflecting element

D;.
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