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MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS

BACKGROUND OF THE INVENTION
1. Field of the Invention

The invention relates to microlithographié projection ex-
posure apparatus. Such apparatus are used for the produc-
tion of large-scale integrated circuits and other micro-
structured components. The invention relates in particu-
lar to correction systems for reducing or symmetrizing
rotationally asymmetric image errors that occur in pro-

jection objectives of such apparatus.
2. Description of Related Art

Microlithography (also called photolithography or simply
lithography) is a technology for the fabrication of inte-
grated circuits, liquid crystal displays and other micro-
structuréd devices. The pfocess of microliﬁhography, in
conjunction with the process of etching, is used to pat-
tern 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) light. Next,
the wafer with the photoresist on top is exposed to pro-
jection light through a mask in a projection exposure ap-

paratus. The mask contains a circuit pattern to be pro-
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jected onto the photore31st After exposure the photore—

sist is developed to produce an 1mage corresponding to

the circuit 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.

A projection exposure apparatus typically includes an il-
lumination system, a mask alignment stage for aligning
the mask, a projection lens and a wafer alignment stage
for aligning the wafer coated with the photoresist. The
illumination system illuminates a field on the mask that

may have the shape of a rectangular slit or a narrow ring

segment, for example.

In current projection exposure apparatus a distinction
can be made between two different types of apparatus. In
one type each target portion on the wafer is irradiated
by exposing the entire mask pattern onto the target por-
tion in one go; such an apparatus is commonly referred to
as a wafer stepper. In the other type of apparatus, which
is commonly referred to as a step-and-scan apparatus or
simply scanner, each target portion is irradiated by pro-
gressively scanning the mask pattern under the projection
light beam in a given reference direction while synchro-
nously scanning the substrate parallel or anti-parallel
to this direction. The ratio of the velocity of the wafer
and the velocity of the mask is equal to the magnifica-
tion B of the projection lens, which is usually smaller

than 1, for example B =1/4 or B =1/100.
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It is to be understood that the term "mask" (or reticle)
ié.to be interpretea broadly as a pafterning means. Cém—
monly used masks contain transmissive or reflective pat-
terns and may be of the binary, alternating phase-shift,
attenuated phase-shift or various hybrid mask type, for
example. However, there are also active masks, e.g. masks
realized as a programmable mirror array. An example of
such a device is a matrix-addressable surface having a
viscoelastic control layer and a reflective surface. More
information on such mirror arrays can be gleaned, for ex-
ample, from US 5,296,891 and US 5,523,193. Also program-
mable LCD arrays may be used as active masks, as is de-
scribed in US 5,229,872. For the sake of simplicity, the
rest of this text may specifically relate to apparatus
comprising a mask and a mask stage; however, the general
principles discussed in such apparatus should be seen in
the broader context of the patterning means as hereabove

set forth.

One of the essential aims in the development of projec-
tion exposure apparatus is to be able to lithographically
generate structures with smaller and smaller dimensions
on the wafer. Small structures lead to high integration
densities, which generally has a favorable effect on the
performance of the microstructured components produced

with the aid of such apparatus.

The size of the structures which can be generated depends
primarily on the resolution of the projection objective
being used. Since the resolution of projection objectives

is inversely proportional to the wavelength of the pro-
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jection light, one way of increasing the resolution is to
use pfojection light wifh shorter and sﬁorter wave- “
lengths. The shortest wavelengths currently used are 248
nm, 193 nm or 157 nm and thus lie in the (deep) ultravio-

let spectral range.

Another way of increasing the resolution is based on the
idea of introducing an immersion liquid with a high re-
fractive index into an immersion interspace, which re-
mains between a last lens on the image side of the pro-
jection objective and the photoresist or another photo-
sensitive layer to be exposed. Projection objectives
which are designed for immersed operation, and which are
therefore also referred to as immersion objectives, can
achieve numerical apertures of more than 1, for example

1.4 or even higher.

The correction of image errors (i.e. aberrations) is be-
coming increasingly important for projection objectives
with very high resolution. Different types of image er-—

rors usually require different correction measures.

The correction of rotationally symmetric image errors is
comparatively straightforward. An image error is referred
to as being rotationally symmetric if the wavefront de-
formation in the exit pupil is rotationally symmetric.
The term wavefront deformation refers to the deviation of
a wave from the ideal aberration-free wave. Rotationally

symmetric image errors can be corrected, for example, at
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least partially by moving individual optical elements

along the optical axis.

Correction of those image errors which are not rotation-
ally symmetric is more difficult. Such image errors oOC-
cur, for example, because lenses and other optical ele-
ments heat up rotationally asymmetrically. One image er-
ror of this type is astigmatism, which may also be en-

countered for the field point lying on the optical axis.

A major cause for rotationally asymmetric image errors is
a rotationally asymmetric, in particular slit-shaped
and/or off-axis, illumination of the mask, as is typi-
cally encountered in projection exposure apparatus of the
scanner type. The slit-shaped illuminated field causes a
non-uniform heating of those optical elements that are
arranged in the vicinity of field planes. This heating
results in deformations of the optical elements and, in
the case of lenses and other elements of the refractive
type, in changes of their index of refraction. If the ma-
terials of refractive optical elements are repeatedly ex-
posed to the high energetic projection light, also perma-
nent material changes are observed. For example, a com-
paction of the materials exposed to the projection light
sometimes occurs, and this compaction results in local

and permanent changes of the index of refraction.

The heat induced deformations and index changes alter the
optical properties of the optical elements and thus cause

image errors. Heat induced image errors often have a two-
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fold symmetry. However, image errors with other symme-
tries, for éxample threefold'or fivefold, or iﬁage errors
characterized by completely asymmetric wavefront deforma-
tions are also frequently observed in projection objec-
tives. Completely asymmetric image errors are often
caused by material defects which are statistically dis-
tributed over the optical elements contained in the pro-

jection objective.

Another major cause for rotationally asymmetric image er-
rors are certain asymmetric illumination settings in
which the pupil plane of the illumination system is illu-
minated in a rotationally asymmetric manner. Important
examples for such settings are dipole settings in which
only two poles are illuminated in the pupil plane. With
such a dipole setting, also the pupil planes in the pro-
jection objective contain only two illuminated regions.
Consequently, the lenses arranged in or in the vicinity
of such an objective pupil plane are exposed to a rota-
tionally asymmetric intensity distribution which gives
rise to rotationally asymmetric image errors. Also quad-
rupol settings often produce rotationally asymmetric im-

age errors, although to a lesser extent than dipole set-

tings.

In order to correct rotationally asymmetric image errors,
US 6,338,823 Bl proposes a lens which can be selectively
deformed with the aid of a plurality of actuators dis-
tributed along the circumference of the lens. The defor-
mation of the lens is determined such that heat induced

image errors are at least partially corrected.
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WO 2007/017089 Al discloses a similar correction device.
In this device one surface of a deformable plate contacts
an index matched liquid. If the plate is deformed, the
deformation of the surface adjacent the liquid has viftu—
ally no optical effect. Thus this device makes it possi-
ble to obtain correcting contributions from the deforma-
tion not of two, but of only one optical surface. A par-
tial compensation of the correction effect as it is ob-

served if two surfaces are deformed simultaneously is

thus prevented.

However, the deformation of optical elements with the
help of actuators has also some drawbacks. If the actua-
tors are arranged at the circumference of a plate or a
lens, it is possible to produce only a restricted variety
of deformations with the help of the actuators. This is
due to the fact that both the number and also the ar-
rangement of the actuators are fixed. The aforementioned
WO 2007/017089 also proposes to apply transparent actua-
tors directly on the optical surface of an optical ele-
ment. However, it is difficult to keep scattering losses

produced by the transparent actuators low.

Another approach to deal with heat induced image errors
is not to correct errors that have been produced in a
plurality of optical elements, but to avoid that such er-
rors occur altogether. This usually involves the locally
selective heating or cooling of optical elements so that
their temperature distribution becomes at least substan-
tially symmetrical. Any residual heat induced image error

of the rotationally symmetric type may then be corrected
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by more straightforward measures, for example by displac-

ing optical elements along the optical axis.

The additional heating or cooling of optical elements may
be accomplished by directing a hot or cool gas towards
the element, as it is known from US 6,781,668 B2, for ex-
ample. However, it is difficult to accurately control the
temperature distribution of the optical element with gas

flows.

Therefore it has been proposed to direct light beams onto
selected portions of optical elements so as to achieve an
at least substantially rotationally symmetric temperature
distribution on or in the optical element. Usually the
light beam is produced by a separate light source which
emits radiation having a wavelength that is different
from the wavelength of the projection light. The wave-
length of this additional light source is determined such
that the correction light does not contribute to the ex-
posure of the photoresist, but is still at least par-
tially absorbed by the optical elements or a layer ap-

plied thereon.

EP 823 662 A2 describes a correction system of this type
in which two additional light sources are provided that
illuminate the portions of the mask which surround the
(usually slit-formed) field that is illuminated by the
projection light. Thus all optical elements in the vicin-
ity of field planes are subjected to three different
light beams that heat up the optical element almost in a
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rotationally symmetrical manner. In other embodiments ad-
difional correction iight is coupled into the illuminé;
tion system of the projection exposure apparatus in or in
close proximity to a pupil plane. Since, depending on the
illumination setting, the center of the pupil plane is
often not illuminated during the projection operation,
light coupled into this center contributes to a more ho-
mogeneous illumination of optical elements that are ar-
ranged in or in proximity to a pupil plane in the projec-

tion objective.

US 2005/0018269 Al describes a correction device which
makes it possible to heat up certain portions of selected
optical elements using a light ray that scans over the
portions to be heated up. This device can be arranged
within the projection objective and makes it possible to
increase the temperature very selectively so that an al-
most perfectly rotationally symmetric temperature distri-
bution can be achieved. If the optical elements are
spaced apart from each other by very short distances, as
it is often the case, access to the optical elements is
restricted, and even if it is possible to reach all
points on an optical element, the scanning light ray of-
ten impinges on the optical surface at very large angles
of incidence. As a result, a substantial fraction of the
light energy is reflected at the surface and cannot con-

tribute to the heating up of the elements.

In one embodiment described in US 2005/0018269 Al this
problem is solved in that the correction light passes

through a plurality of optical elements without being
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subject to substantial absorptlon before the correction
light impinges on the optlcal element whlch shall be
heated up. This can be achieved by selecting materials
for the optical elements which have a different coeffi-
cient of absorption for the correction light on the one
hand and the projection light on the other hand. However,
it is still difficult to reabh all points of interest on
an optical surface with a scanning light ray that passes
through a plurality of other lenses before it impinges on

the optical surface.

US 6,504,597 B2 seeks to solve this problem by providing
a correction device which does not employ scanning light
rays. Instead, correction light is coupled into selected
optical elements via their peripheral surface, i. e.
circumferentially. Optical fibers may be used to direct
the correction light produced by a single light source to
the various locations distributed along the periphery of
the optical element. Although this makes it possible to
heat up also optical elements that are very densely
stacked, this device is less flexible with regard to the
possibility to heat up only carefully selected portions

of the optical elements.
SUMMARY OF THE INVENTION

There is therefore a need for providing a microlitho-
graphic projection exposure apparatus comprising a cor-
rection device that very efficiently corrects or sym-

metrizes wavefront deformations in general, and in par-
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ticular rotationally asymmetrical wavefront deformation
as they often occur, for example as a result of a rota-
tionally asymmetric heating of optical elements by the

projection light.

This object is solved, in accordance with the present in-
vention, by a microlithographic projection exposure appa-
ratus comprising a primary illumination system which pro-
duces an intensity distribution of projection light in a
mask plane, a projection objective and a correction opti-
cal system. The latter comprises a secondary illumination
system, which produces an intensity distribution of cor-
rection light in a reference surface, and a correction
element. The correction element comprises a heating mate-
rial and is arranged in a surface that is at least sub-
stantially optically conjugate to the reference surface
such that the correction light and the projection light
pass through at least one lens contained in the projec-
tion objective before they impinge on the correction ele-
ment. All lenses through which both the correction light
and the projection light pass are made of lens materials
which have a lower coefficient of absorption for the cor-

rection light than the heating material of the correction

element.

As a result of this material choice, the correction light
heats up the correction element more than the other

lenses of the projection objective through which the cor-
rection light propagates. The selectivity of this heating
depends, among others, on how much the coefficient of ab-

sorption of the heating material exceeds the coefficient
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of absorptlon of the optical materlals of these other
lenses. Preferably the other lenses are not 51gn1f1cantly
heated up at all, and the energy of the correction light
is almost exclusively dissipated in the correction ele-
ment. To this end the coefficient of absorption of the
heating material should, for the correction light, be at
least 2 times, more preferably at least 5 times, greater
than the coefficient of absorption of the lens material
having the highest coefficient of absorption among the

lens materials of the other lenses.

According to the invention, the correction element is ar-
ranged in a surface which is optically conjugated to the
reference surface. Thus the intensity distribution of the
correction light in the reference surface is imaged on
the correction element. This makes it possible not only
to selectively heat up the correction element as a whole,
but also to heat up selected portions of this correction
element. These portions are determined such that the tem-
perature distribution within the correction element
changes in a predetermined manner, and these changes mod-
ify the optical properties of the correction element in
such a way that image errors produced by other optical
elements contained in the projection objective are re-

duced or at least symmetrized.

The effects produced by the changed temperature distribu-
tion include deformations of the correction element and
changes 5f its refractive index distribution. Which of
these two effects predominates usually depends on the ge-

ometry of the correction element and the optical materi-
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als contained therein. Certain measures may be taken to
reduce deformations of the correétion element so fhat the
local heating by the correction light has mainly the ef-
fect of changing the refractive index distribution within
the correction element or a portion thereof. On the other
hand, things may be arranged such that heating induced
deformations prevail and the refractive index variations
can be neglected. If only one of the two effects predomi-
nates, this usually facilitates the prediction how
changes of the temperature distribution will affect an
optical wavefront propagating through the correction ele-

ment so that the desired correction effect is achieved.

The term "correction" used here and generally in the con-
text of the present invention is meant to denote a sub-
stantial general reduction of image errors and/or a sym-
metrization of rotationally asymmetric image errors. Sym-—
metrization means in this context that the asymmetry of
the wavefront deformation is reduced. As has been men-
tioned further above, an at least substantially rotation-
ally symmetrical wavefront deformation may be corrected
with other conventional correction measures, for example
the displacement of certain optical elements along an op-
tical axis of the projection objective. Thus a "correc-
tion" in the context of the invention may even be
achieved if the rotétionally asymmetric components of im-
age errors are reduced although rotationally symmetric

components are simultaneously increased.

One further advantage of the optical conjugation between

the reference surface and the surface, in which the cor-
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;ection element is‘arranged, is that it is, at least in
principle, possible (if desired) td-illuminate in oné go
every arbitrary point on the optical surface of the cor-
rection element. This only requires that the reference
surface is sufficiently illuminated and that no other op-
tical elements obstruct the correction light beam path.
Such obstructions may be formed, for example, by beam
splitting cubes which are arranged in a pupil plane of
the objective and direct a portion of the light towards a

sSensor.

If the correction light is completely absorbed in the
correction element, it cannot impinge on the photoresist
or any other layer that is arranged in an image plane of
the projection objective and is sensitive to the projec-
tion light. Nevertheless it may be preferable to select
the correction light and/or this layer such that the
layer is not sensitive to the correction light. This en-
sures that correction light which is reflected, scattered
or not completely absorbed by the correction element and
eventually impinges on the layer, does nof contribute to
the exposure of the layer which would result in a dete-

rioration of the imaging of the mask.

The correction light has to differ from the projection
light in some respect in order to ensure that the correc-
tion element significantly absorbs the correction light,
but not the projection light. The projection light and
the correction light may differ, for example, with re-

spect to their state of polarization if the coefficient
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of absorption of the heating material is polarization de-

pendent.

Usually, however, it will be easier if the projection
light and the correction light have different wave-
lengths. For example, the projection light may have a-
wavelength which is smaller than 250 nm, and the correc-
tion light may contain a wavelength component having a
wavelength above 2 pm. With such wavelength, there is a
number of material combinations containing one material
which is transparent both for the projection light and
the correction light, and another material which is
transparent only for the projection light, but not for

the correction light.

One example of such a material combination is synthetic
quartz (Si0,;) for the heating material and calcium fluo-
ride (CaF,) for the lens materials. If the correction
light contains a light component having a wavelength be-
tween 4.5 pm and 6 um, calcium fluoride as lens material
is transparent both for the correction light and the pro-
jection light. Synthetic quartz, however, is transparent
only up to a wavelength of about 4.0 pm and would thus
absorb any light component of the correction light having

a wavelength between 4.5 pm and 6 pm.

If synthetic quartz has an OH concentration of more than
about 500 ppm, it has an additional absorption window be-

tween about 2.65 pm and 2.85 pm. In this case the correc-
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tion light may contain a light component having a wave-

length between about 2.65 pm and 2.85 pm.

The same materials are also suitable if the projection
light has a wavelength which is above 190 nm and the cor-
rection light contains a light component having a wave-
length below 180 nm. Also in this case calcium fluoride
is transparent both for the correction light and the pro-

jection light, but synthetic quartz absorbs the correc-

tion light.

The correction element may be formed by a mirror or a re-
fractive optical element. In the case of a mirror a mir-
ror support has to support a reflective coating which 1is
reflective for the projection light, but not for the cor-
rection light. Since multi-layer reflective coatings are
specifically designed for a specific design wavelength,
the reflectivity of such coatings significantly drops to
very low values for‘wavelengths which differ from the de-
sign wavelength. The bulk material of the mirror support
should absorb the correction light which has passed
through the reflective coating. In this case deformations
of the mirror support will be the most prominent effect
that changes the optical properties of the mirror. An ad-
ditional coating may be provided which is highly absorp-
tive for the correction light. If infrared radiation is
used as correction light, such a coating may simply be

formed by a black paint applied on the mirror support.
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In another embodiment the correction element is a refrac-
tive optical element. Sucﬂ a refractive opfical element

may be formed as a lens or a plane-parallel plate, for

example. The correction element may completely consist of
the heating material, or it may comprise a substrate made
of the heating material and some kind of coating, for ex-
ample an anti-reflection coating that reduces the coeffi-

cient of reflection for the projection light.

Another alternative is to use a substrate made of one of
the lens materials and to apply a layer on the substrate,
wherein the layer contains the heating material. Since
the layer will usually have a small thickness, this re-
quires a heating material which has a very large coeffi-

cient of absorption for the correction light.

At the optimum position of the correction elements within
the projection objective it is sometimes not desired to
have any refractive power. In these cases it may be pref-
erable to have a correction element which forms a plane-
parallel plate. Such a plate has also the advantage that
heat induced deformations are easier to predict. The ref-
erence surface may then be plane as well. In other em-
bodiments, the reference surface is curved, but the opti-
cal conjugation between the reference surface images this
curved reference surface onto a plane in which the cor-
rection element is arranged. Generally, the shape of the
reference surface may be adapted to the shape of the cor-

rection element.
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- 18 -

The image errors to be corrected are often field position
independent. This means that the wavefront deformatlons
to be corrected are identical for all points in the image
field. In this case it is preferable to arrange the cor-
rection element in or in close proximity of a pupil plane
of the projection objective, because then all wavefronts
converging towards image points completely overlap in the
pupil and thus can be corrected commonly. Here the term
"close proximity" is defined by axial distances from the
pupil plane at which the ratio P = hpe/her > 3, preferably
with P > 5, wherein hp is the height of a marginal ray
that emerges from a point on the optical axis, and her is
the height of a chief ray that impinges on a marginal im-

age point.

If the correction element is positioned in or in close
proximity to a pupil plane, the correction optical system
may comprise a condenser that establishes a Fourier rela-
tionship between the reference surface and the mask plane
or a plane which is optically conjugate to the mask
plane, for example an intermediate image plane in the
projection objective or a field plane contained in the
primary illumination system. Since only correction light
but no projection light propagates through the condenser,
the optical materials contained therein may be specifi-
cally adapted to the correction light, because there is

no need to transmit also the projection light.

If field dependent image errors shall be reduced, the
correction element should be arranged in or in close

proximity to a field plane, for example an intermediate
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image plane of the projection objective. If compbinations
of field dependent and field independent image errors are
to be corrected, positions between a pupil plane and a

field plane should be envisaged for the correction ele-

ment.

There are cases in which there is either no correction. of
wavefront deformations required at all, or a correction
is required, but then at constant level. Such a situation
may occur, for example, if either a rotationally symmet-
ric illumination setting (for example conventional or an-
nular settings) or only one specific rotationally asym-
metric illumination setting (for example a dipole illumi-
nation setting) is used in a wafer stepper. If the illu-
mination setting is changed from a rotationally symmetric
setting to the rotationally asymmetric setting, lenses in
the vicinity of pupil planes of the projection objective
are illuminated in a rotationally asymmetric manner,
which usually gives rise, after some time, to rotation-
ally asymmetric wavefront deformations which require cor-
rection. Then the correction device of the invention may
be switched on, and a fixed suitable intensity distribu-
tion in the reference surface may be imaged to a correc-
tion element positioned in or in close proximity to a pu-

pil plane.

In many cases, however, it will be preferable to be able
to adjust the intensity distribution in the reference

surface. It is then possible to vary the correction ef-
fect produced by the correction element depending on the

correction demand. This demand may change over time, be-
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cause other illumination settings are used, other masks

are projected, or because of ageing phenomena.

For varying the intensity distribution in the reference
surface, the correction optical system may comprise a
spatial light modulator. Such a light modulator may com-
prise a light source and a stop device having a variable
configuration of apertures. This configuration of aper-
tures may be varied by moving stop blades or by exchang-
ing the stop device. To this end fhe stop device may com-
prise a plurality of stop elements, which have different
configurations of apertures, and an exchange holder for

receiving one of the stop elements.

An even further increased flexibility in producing dif-
ferent intensity distributions in the reference surface
is achieved with a spatial light modulator that comprises
a plurality of light emitting elements arranged in the
reference surface. With the help of a suitable control
unit, the light emitting elements, for example LEDs or
ends of optical fibers into which correction light is
coupled at the opposite end, almost any arbitrary geomet-
rical configuration of an intensity distribution may be
produced. The "resolution" is only restricted by the num-
ber of light emitting elements used in the correction de-

vice.

Another approach to produce a variable intensity distri-
bution in the reference surface is the use of a spatial

light modulator which comprises a plurality of tiltable
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mirror elements arranged in the reference surface and 11—
luminated by a light source of the secondary 1llum1natlon
system. Such mirrors may be configured such that they are
either in an "on"-state or "off"-state in which no light
is reflected such that it can reach the correction ele-
ment. Such tiltable mirror elements may be arranged in an
array and be configured as a microelectric mechanical
system (MEMS), and in particular as a digital micro-

mirror device (DMD).

If a spatial light modulator is used, it may be con-
trolled by a control unit which is configured to deter-
mine the intensity distribution in the reference surface
depending on an input quantity which relates to at least
one of the following entities: Illumination setting set
in the primary illumination system, temperature distribu-
tion of at least one lens contained in the projection ob-
jective, and imaging quality of the projection objective.
The input quantity may comprise measured quantities such
as temperatures, and/or it may comprise computed quanti-
ties. For example, the imaging quality of the projection
objective may be computed based on input variables such
as illumination setting, time or mask configurations. Al-
ternatively, the image quality may be measured using a
measuring instrument, for example a CCD sensor arranged
in an image plane of the projection objective, or an in-

terferometric measurement device.

It may be desirable to illuminate the correction elements
such that all points to be illuminated by the correction

light receive at least substantially correction light
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having the same angular distribution. This is because the
coefficient of reflectién may depend on the angle of in-
cidence, and thus it may matter whether light impinges

obliquely or perpendicularly onto a point on the surface

of the correction element.

For achieving a controlled, and in particular homogenous,
angular distribution of correction light impinging on the
correction element, it may be considered to include an

optical integrator into the correction optical system,

wherein the integrator has a light exit surface which is
arranged at least substantially in the reference surface.
Such optical integrators often comprise at least one ar-

ray of optical microlenses and increase the geometrical

optical flux.

Often it will be difficult to feed the correction light
into the projection objective such that the correction
light also passes through the mask. Particularly in the
case of projection exposure apparatus of the scanner type
there is hardly any free area in the mask plane which is
not obstructed by the mask, but is nevertheless within
the area which is imaged by the projection objective onto

the light sensitive layer.

In such cases it may be advantageous to provide a beam

folding element that feeds correction light into a beam
path of the projection objective. The beam folding ele-
ment may comprise, for example, a mirror or a prism con-

taining a reflective surface. A beam folding element
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makes it possible to find better arrangements of the sec-
ondary illumination systemAwithin a projectibn exposure
apparatus. For example, the beam folding elements may be
arranged between the mask plane in the projection objec-
tive so that the correction light does not have to pass
through the mask or an area immediately surrounding the
mask. Instead, the beam folding element folds the mask
plane such that it is better accessable for the secondary

illumination system.
BRIEF DESCRIPTION OF THE DRAWINGS

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

accompanying drawing in which:

FIG. 1 is a perspective simplified view of a projec-
tion exposure apparatus in accordance with the

present invention;

FIG. 2 is a meridional section through a correction
optical system contained in the projection ex-

posure apparatus shown in FIG. 1;

FIGS. 3a and 3b are top views on stop elements that may
be inserted into an exchange holder which is
contained in the correction optical system

shown in FIG. 2;
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is a meridional section through a secondary 1il-
lumination system of the correction optical

system according to a first embodiment;

is a bottom view on an array of light emitting
diodes contained in the secondary illumination

system shown in FIG. 4;

is a meridional section through a secondary il-
lumination system, a light modulator and a con-
denser of the correction optical system accord-

ing to another embodiment of the correction op-

tical system;

is a perspective view of a mirror array con-

tained in the illumination system shown in FIG.

6;

is a meridional section through a secondary il-
lumination system of the correction optical

system in accordance with yét another embodi-

ment;

is a meridional section through a realistic
projection objective in which a correction ele-
ment of the correction optical system is ar-

ranged;
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FIG. 10 is a perspective view of the correction optical
system for the projection objective shown in

FIG. 9;

FIG. 11 is a meridional section through the correction

optical system shown in FIG. 10;

FIG. 12 is a meridional section through a beam folding
element contained in the correction optical

system shown in FIG. 10;

FIG. 13 is a representation similar to FIG. 11, but
without the beam folding achieved by the beam

folding element.
DESCRIPTION OF PREFERRED EMBODIMENTS
1. First group of embodiments

FIG. 1 is a perspective and highly simplified view of a
projection exposure apperatus 10 that comprises a primary
illumination system 12 for producing a projection light
buhdle. The projection light bundle illuminates a field
14 on a mask 16 containing minute structures 18. In this
embodiment, the illuminated field 14 has the shape of a
rectangle. However, other shapes of the illuminated field

14, for example ring segments, are contemplated as well.

A projection objective 20 images the structures 18 within

the illuminated field 14 onto a light sensitive layer 22,
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for example a photpresist, which isﬂdeposited on a sub-
strate 24. The substrate 24, whiéh 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 projec-
tion objective 20. Since the latter has a magnification
of less than 1, a minified 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 illumi-
nated field 14 can be continuously projected. Such a type
of projection exposure apparatus is often referred to as
"step-and-scan tool" or simply a "scanner". The ratio be-
tween the velocities of the mask 16 and the substrate 24
is equal to the magnification of the projection objective
20. If the projection objective 20 inverts the image, the
mask 16 and the substrate 24 move in opposite directions,
as this is indicated in FIG. 1 by arrows Al and AZ. How-
ever, the present invention may also be used in stepper
tools in which the mask 16 and the substrate 24 do not

move during projection of the mask.

In the embodiment shown, the illuminated field 14 is cen-
tered with respect to an optical axis 26 of the projec-

tion objective 20. In other embodiments, the illuminated
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field 14 is not ceqte;ed with respect to the optical axis
26. An off-axis illuminated field 14 may be necessary'
with certain types of projection objectives 20, for exam-
ple the objective shown in FIG. 9 which contains one or

more truncated mirrors.

The projection exposure apparatus 10 comprises a correc-—
tion optical system for reducing image errors. Causes for
the image errors to be corrected may be constant or time
dependent. Constant causes include design defficiencies,
impurities or other faults in lens materials or anti-
reflection coatings, and mounting tolerances. Time de-
pendent causes include variable outer conditions such as
air pressure and temperature, certain ageing phenomena
such as material compaction caused by the high energy
projection light, and deformations and refractive index
changes induced by temperature changes that are caused by

the absorption of projection light within lens materials.

Image errors are often described with respect to wave-
front deformations. The wavefront of the light waves con-
verging to a particular point in the image plane are con-
sidered and compared with an ideal wavefront. The defor-
mations observed may be rotationally symmetrical or rota-=
tionally asymmetrical. Apart from that, the wavefront de-
formations may be identical for all points in the image
plane, or may be different for some or each of these
points. The correction optical system provided in the
projection exposure apparatus 10 may be configured such

that any of the aforementioned wavefront deformations may

be substantially reduced.
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In the“embodiment shownﬁin FIG. 1, however, the correc-
tion optical system is configured such that 6nly those
image errors are corrected that are at least substan-
tially field independent. This means that the wavefront
deformations are identical for all points in the image
plane. To this end the correction optical systems com-
prises as main components a secondary illumination system
30 and a correction element 32 which is positioned in a
pupil plane of the projection objective 20. The secondary
illumination system 30 produces correction light which
passes through an unstructured area 28 of the mask 16 and
enters the projection objective 20. It then selectively

illuminates certain portions of the correction element

32.

The portions illuminated on the correction element 32
heat up, which causes changes of the refractive index
and/or deformations of the correction element 32. These
changes and/or deformations are determined such that the
wavefronts passing through the correction element 32 are
subjected to deformations that at least substantially
offset those deformations which are caused by the other
optical elements contained in the projection objective 20
as a result of the causes mentioned further above. Then
the optical wavefronts that emerge from the projection
objective 20 and converge towards the image points are at
least substantially spherical and therefore free of er-

rors.

In the following the correction optical system will be

described in more detail with reference to FIG. 2 which
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is a simplified meridional section through the correction
optical system. First, however, the portion of the pro-

jection objective 20 shown in FIG. 2 will be described.

The projection objective 20 comprises a positive lens 34
which establishes a Fourier relationship between a mask
plane 36, in which the mask 18 is arranged during the
projection, and a pupil plane 38 of the projection objec-
tive 20. As a result of this Fourier relationship, all
light rays emerging from a particular point in the mask
plane 36 pass through the pupil plane 38 nearly under the
same angle, i.e. as parallel light. This is illustrated
in FIG. 2 for a point 40 at an edge of the mask 18, from
which light rays 42a, 42b, 42c emerge. The further away
the point is from the optical axis 26 of the projection
objective 20, the larger is the angle under which the
light rays pass through the pupil plane 38. Thus all
light rays emerging from a point on the optical axis 26
in the mask plane 36 perpendicularly intersect the pupil
plane 38 (see exemplary light ray 44). The Fourier rela-
tionship also involves that the light bundles emerging
from points in the mask plane 36 overlap in the pupil
plane 38. With the help of an aperture stop 46 it is pos-
sible to restrict the numerical aperture of the projec-
tion objective 20 to a desired value and to avoid vignet-

ting effects.

The correction optical system includes a secondary illu-
mination system 30 which comprises, in the embodiment
shown, a two-dimensional array of light emitting elements

46. The correction optical system has a reference plane



10

15

20

25

WO 2009/046895 PCT/EP2008/008251

- 30 -

48 which is illuminated by the light emitting elements 46
and in which a stop element 50 having a plurality of ap-

ertures 51a, 51b, 5lc is received in an exchange holder

54.

The correction optical system further comprises a con-
denser 56 which is formed, in this embodiment, by a sin-
gle‘lens. The condenser 56 establishes a Fourier rela-
tionship between the reference plane 48, in which the
stop element 50 is arranged, and the mask plane 36. Part
of the correction optical system is also the positive
lens 34 of the projection objective. The combination of
the condenser 56 and the positive lens 34 forms an objec-
tive whichAoptically conjugates the reference plane 48 to
the pupil plane 38. This is equivalent to saying that the
reference plane 48 is imaged onto the pupil plane 38 of

the projection objective 20.

Due to this imaging, the stop element 50 is imaged onto
the pupil plane 38. In or in close proximity to this pu-
pil plane 38 the correction element 32 is arranged so
that an image of the stop element 50 is formed on the
correction element 32. Thus bright spots 52a, 52b and
52c, which are images of the illuminated apertures 51a,
51b, 5lc, respectively, are formed on the correction ele-

ment 32.

In the embodiment shown, the correction element 32 is
formed by a plane parallel plate. Those portions of the

correction element 32, through which the correction light
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produced by the“light source 45 passes, heat up as a re-
sult of absorption of the correction light inside thé ma-
terial of the correction element 32. As has been men-
tioned above, this absorption results in changes of the
refractive index and/or local deformations of the correc-
tion element 32 so that optical wavefronts passing
through the correction element 32 are subject to correc-—

tive deformations.

Usually it will be desirable to produce these effects
only in the correction element 32, but not in the posi-
tive lens 34 through which the correction light also
passes. If the positive lens 34 also absorbs a substan-
tial amount of the correction light, it will itself be
subject to refractive index changes and/or deformations
which cause additional image errors. Then it becomes much
more difficult to determine a temperature distribution in
the correction element 32 such that also those image ex-
rors are substantially corrected that are produced by the

correction light itself.

There are different approaches to achieve that correction
light is mainly absorbed in the correction element 32. In
one embodiment the projection'light is in a first linear
state of polarization, and the correction light is in a
second linear state of polarization which is orthogonal
to the first linear state of polarization.'A linear po-
larization of the correction light may be achieved, for
example, with an additional polarizer inserted in the

reference plane 48.
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Then the correction element 32 may be provided with a
layer which absorbs only light which is in the second
linear state of polarization, but not in the first linear
state of polarization. To this end the correction element
may comprise a polarizer that absorbs only the correction
light being in the second state of polarization. Such a
polarizer may comprise elongated minute structures ex-
tending perpendicular to the plane of vibration of the
correction light. In this case it has to be ensured that
substantially all correction light is absorbed in the
correction element 32 so as to prevent correction light

from impinging on the light sensitive layer 22 on the

support 24.

Another approach would be to use correction light which
has a different wavelength (or a range of wavelengths) as
the projection light. In this approach the materials for
the positive lens 34 and the correction element 32 are
identical and determined such that the coefficient of ab-—
sorption is higher for the correction light than for the
projection light. If the positive lens 34 is thin and the
correction element 32 is thick, only a small amount of
light will be dissipated in the lens 34. In the thick
correction element 32 more heat will be dissipated, and
since the surfaces at which the elements can cool down
are almost identical, the correction element will heat up
more strongly than the lens 34. However, this approach
works well only if there are very few thin lenses through
which the correction light passes before it impinges on

the correction element 32.
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In thé“following another approach will be described that
makes it possible to almost exclusively heat up the cor-
rection element 32 without affecting the lens 34. In ac-
cordance with this approach the correction light has a
different wavelength or a range of wavelengths than the
projection light. Furthermore, the positive lens 34 and
the correction element 32 are made of different optical
materials. The optical material of the positive lens 34
is determined such that it has a very low coefficient of
absorption both for the projection light and the correc-
tion light. However, the optical material of the correc-
tion element 32 is determined such that it has a low co-
efficient of absorption for the projection light, but a

high coefficient of absorption for the correction light.

As a result of this combination of wavelengths and opti-
cal materials, the correction light passes through the
lens 34 and the correction element 32 more or less unat-
tenuated, but the correction light can only pass the lens
34, bgt is absorbed in the correction element 32. As a
result, the projection light and the correction light
heat up the lens 34 only to a small extent. The correc-
tion element 32, however, is significantly heated up by
the correction light and produces the desired correction

effects on the wavefronts.

As a matter of course, the absorption of the correction
light does not have to occur exclusively in the bulk ma-
terial of the correction element 32. It suffices that the
correction element 32 contains an optical material which

has a higher coefficient of absorption for the correction
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light than the lens 34. This material may be formed as a
layer on a substrate, may be sandwiched between two sub-

strates, or may even be interspersed among another opti-

cal material.

In the embodiment shown the correction element 32 is
formed as a plane parallel plate, but various other
shapes are contemplated as well. For example, the correc-
tion element may be a lens having a refractive power, it
may be formed as a thicker cube or cylinder, or it may
even be formed as a thin film or membrane extending

within a frame which holds the membrane.

From FIG. 2 it also becomes clear that the correction
element 32 does not necessarily have to be arranged pre-
cisely in the pupil plane 38. For correcting a field in-
dependent image error it suffices that the correction
element 32 is positioned in close proximity to the pupil
plane 38. If the correction element 32 is positioned out-
side the pupil plane 38, the optical effect achieved with
the correction element 32 may slightly differ for differ-
ent image points. However, such slight differences can
often be tolerated. In order to achieve an at least ap-
proximately field independent correction effect, the ac-
tual distances between the correction element 32 and the
pupil plane 38 should not exceed a value at which a ratio
P = hp/her exceeds 3, preferably 5. The quantity hpe de-
notes the distance (often referred to as height) between
the optical axis 26 and a point where a marginal ray 44
that emerges from a point on the optical axis penetrates

the correction element 32. The quantity he, denotes the
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~distance or height between the optical axis 26 and a

point where a chief ray 42b that impinges on a marginal
image point (see FIG. 2) penetrates the correction ele-
ment 32. The larger the ratio P is, the closer the cor-
rection element 32 is arranged to the pupil plane 38. For
example, at plane 58 indicated with broken lines in FIG.
2 the rate P=3.4. Thus the correction element 32 may
also be arranged in plane 58 without significantly reduc-
ing the field independency of the correction effect. Di-

rectly in the pupil plane 38 the rate P = <.

Furthermore, it is not necessary that the correction ele-
ment 32 is arranged in a plane which is exactly optically
conjugate to the reference plane 48 in the sense that a
very good imaging quality is achieved. In fact, even with
a perfect position of the correction element 32 it is
usually not possible to obtain a very good imaging qual-

ity for the following reason:

From FIG. 2 it is apparent that the optical conjugation
achieved between the reference plane 48 and the pupil
plane 38 uses optical elements (here the condenser 56)
which are centered with respect to a first optical axis,
and lenses (here the positive lens 34) which are centered
with respect to a second optical axis, namely the optical
axis 26 of the projection objective 20. Both optical axes
do not coincide, but are, in this embodiment, parallel to
each other. Only with not coinciding optical axes the im-
age of the reference plane 48 will completely fill the
usable pupil piane 38 (i. e. the portion within the aper-

ture stop 46). This is because an on-axis reference plane
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48 is, at least usually, not ppssiblelbecause the secon-
dary illumination system 30, the condenser or a beam "
folding mirror (see second group of embodiments explained
further below) would then obstruct the light path of the

projection light.

The requirement that the optical axis 26 of the projec-
tion objective 20 cannot coincide with an optical axis of
optical elements arranged outside the beam path of the
projection light entails that the imaging between the
reference plane 48 and the pupil plane 38 will be subject
to substantial aberrations. More specifically, the images
52a, 52b, 52c of the apertures 51, 51b, 51c, respec-
tively, will usually be blurred.

However, it is not necessary to have the intensity dis-
tribution formed in the reference plane 48 sharply imaged
on the correction element 32. Since the heat produced by
the absorption of correction light in the correction ele-
ment 32 "flows" away within the correction element 32
anyway, the temperature distribution in the correction

element 32 will necessarily be "blurred", too.

If the demand for correction changes, for example if a
new mask is to be projected with a different illumination
setting, or the temperature distribution within the
lenses contained in the projection objective 20 changes,
the stop element 50 may be replaced with the help of the
exchange holder 54 by another stop element having a dif-

ferent configuration of apertures. In certain cases, for



10

15

20

25

WO 2009/046895 PCT/EP2008/008251

- 37 -

._example if the 1llum1natlon setting is a major cause of

time depending image errors, it may sufflce to provide an
operator of the projection exposure apparatus 10 with a
small number of different stop elements 50 that are spe-
cifically adapted to the illumination settings. Such a
set of stop elements form, together with the exchange
holder 54, a simple light modulator 64 that makes it pos-

sible to vary the intensity distribution in the reference

plane 48.

FIG. 3a is a top view on an exemplary stop element 50'
which comprises two trapezoidal apertures 5la', 51b' that
are positioned on a diameter of the stop element 50 in
an arrangement having a two-fold symmetry. Such a symme-
try may be required in order to correct wavefront defor-
mations which are associated with astigmatic imaging er-

rors.

In another embodiment the flexibility to produce the de-
sired temperature distribution in the correction element
32 is further enhanced by being able to produce not only
a zero or a non-zero intensity in the reference plane 48,
but also a number of non-zero intensities. In other
words, the intensity distribution in the reference plane
48 is not simply an arrangement of dark and bright spots,
but contains areas of different brightness. Such a graded
intensity may be used to reduce temperature gradients

within the correction element 32.



10

15

20

25

WO 2009/046895 PCT/EP2008/008251

_38_

FIG. 3b is a top view on another stop element denoted by
50'' which realizes this concept. The stop element 50"
comprises two apertures 5la'', 51b'' which are also ar-
ranged on a diameter of the stop.element 50''. Semi-
transparent areas 53a'' and 53b'' are arranged adjacent
to opposite lateral sides of the apertures 5la'' and
51b'', respectively. The semi-transparent areas 53a'’',
53b'' have a transparency for the correction light which

is neither 0% nor 100%, but somewhere in between, for ex-

ample 50%.

Even a continuous or quasi-continuous intensity distribu-
tion within the reference plane 48 may be considered.
Such multi-step or continuous intensity distributions may
be obtained with grey filters as stop elements 50. The
grey filters have a continuous or multi-step transmit-
tance which is computed in order to achieve the desired
temperature distribution in the correction element 32.
This computation should also consider any residual at-
tenuation of the correction light which occurs in the op-
tical elements arranged between the reference plane 48

and the correction element 32.

In still another embodiment the flexibility to produce
different temperature distributions in the correction
element 32 is further increased by replacing the fixed
stop elements 50 by an arrayed light source. FIG. 4 is a
simplified meridional section through a secondary illumi-
nation system 30' according to another embodiment in
which a large number of small light emitting elements 46"

are arranged directly in the reference plane 48. A con-
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trol unit 60' controls each llght emitting element 46"
individually so that almost any desired 1nten51ty distri-

bution may be produced in the reference plane 48.

FIG. 5 is a top view of the light emitting elements 46"
of the secondary illumination system 30' in an exemplary
state of operation. The light emitting elements 46' pro-
duce a specific binary (i. e. on/off) intensity distribu-
tion which has been determined such that its image on the
correction element 32 corrects image errors of the pro-
jection objective 20. In this embodiment the secondary
light source 30' itself forms a modulator 64' that makes
it possible to vary the intensity distribution in the

reference plane 48.

FIG. 6 is a meridional section through a secondary illu-
mination system 30'', a light modulator 64"’ and the con-
denser 56 according to still another embodiment. The
light modulator 64'' is realized as an array of tiltable
mirror elements M;; which is also shown in a perspective
view in FIG. 7. The mirror elements Mijy are arranged di-
rectly in the reference plane 48 and are thus imaged onto
the correction element 32. The light modulator 64"' is
illuminated by the secondary illumination system 30'' and

is controlled by a control unit 60'".

The mirror elements M;; of the modulator 64'' may be in-
dividually tilted such that they are either in an "on" or
in an "off"-state. In an "on"-state a mirror element Mij

directs the reflected light onto the condenser 56. In the
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"off"-state a mirror element M;; is tilted §uch that the

- reflected light does not reach the condenser 56. The

modulator 64'' may be configured as a micro-
electromechanical system (MEMS) which may combine many

thousands of micro-mirrors on an area of a few cm?.

FIG. 8 is a meridional section through a secondary illu-
mination system 30'''. The secondary illumination system
30''' comprises in this embodiment a laser 62 and a beam
expansion unit 66 which produce a collimated bundle of
correction light. This bundle illuminates mirror elements
M;jy of a modulator 64''' which is not contained within
the secondary illumination system 30''"'. Correction light
reflected from the mirror elements Mj; passes through a
positive lens 67 and impinges on an optical integrator 68
which is arranged in the reference plane 48. The optical
integrator 68 of this embodiment comprises two integrator
elements 68a, 68b which each include two arrays of cylin-
drical microlenses arranged perpendicularly to each
other. An optical integrator 68 may be used if the light
emerging from the reference plane 48 shall have a very
homogenous and well-defined angular distribution. A well-
defined angular distribution may be advantageous particu-
larly in those cases in which the coefficient of absorp-
tion of the correction element 32 depends on the angle of

incidence. .

The choice of any of the types of secondary illumination
systems and modulators described above, or any other
suitable optical systems that make it possible to varia-

bly illuminate the reference plane 48, will also depend
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~on the wavelength or the range of wavelengths the correc-

tion light shall have. With respect to FIG. 2 it has been
noted that in one embodiment the projection light has a
wavelength of A = 193 nm and the correction light has a
wavelength of A = 157 ﬂm. For such short DUV wavelengths
there are usually no light emitting elements available
that could be arranged in an array as has been shown in
FIG. 2 or FIGS. 4 and 5. Usually such a wavelength is
produced using an excimer laser. For that reason a secon-
dary illumination system similar to the one shown in FIG.

8 and denoted with 30''' may be more suitable.

In the case of correction light having a wavelength in
the infrared spectral range, there are various laser di-
odes available that emit infrared radiation. For example,
a (PbEu)Ee may be used which produces IR light having a
wavelength between 7 and 7.3 pm. Laser diodes are par-
ticularly suitable for the embodiments shown in FIGS. 2
to 7. An Er laser emits light having a wavelength of 2.8
pm, and an YSGG (Yttrium Scandium Gallium Granat) laser
produces radiation having a wavelength of about 2.94 um.
CO laser emit usually many hundreds spectral lines be-

tween 4.8 um and 8.3 pm.
2. Second group of embodiments

FIG. 9 is a meridional section through a realistic pro-

jection objective 120 in a true to scale representation.
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Between the mask plane 136 and an image plane 122 the
préjection objectivé 120 has two intefmediate image
planes denoted by 170 and 172. The intermediate image
planes 170, 172 divide the projection objective 120 into
three lens groups each containing one pupil plane. In
FIG. 9, these pupil planes are denoted by 174, 176 and
178, respectively. A system aperture stop 180 is arranged
in the third pupil plane 178, which is situated immedi-

ately behind a region of largest beam diameter.

The projection objective 120 comprises in total 21 lenses
and two concave mirrors M1, M2. The mirrors M1, M2 have
aspherical surfaces and are arranged between the first

and second intermediate image plane 170, 172.

In this embodiment the projection objective 120 is de-
signed as an immersion objective. This means that, during
operation of the projection exposure apparatus 10, the
interspace between the last lens and the light sensitive
layer 22 is filled with an immersion liquid IL. In this
exemplary embodiment, a high index immersion liquid 1is

used having a refractive index of about 1.65 at A = 193

nm.

The design specification of the projection objective 120
is given at the end of the description in tables 1 and 2.
In table 1, the first column indicates the number # of
the refractive or reflective surface. Some of these sur-
face numbers # are denoted in FIG. 9 with reference nu-

merals S#. The second column lists the radius of that
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_surface, the thi;d column indicates whether the surface

is aspherical, and the fourth column lisfs the distance
between that surface and the next surface. The fifth col-
umn lists the material of the optical element, wherein
REFL indicates a reflective surface, HINDSOL represents
LuAG (lutetium aluminum garnet) and HINDLIQ a high index
second generation immersion liquid. The sixth column
lists the refractive index of the material, and the sev-
enth column list the optically utilizable clear semi-

diameter of the optical element.

The surfaces listed in column 3 of table 1 and indicated

in FIG. 9 with a dot (*) have an aspherical shape. Table
2 lists the aspherical constants k and C; to Cy for those
surfaces. The height z of a surface point parallel to the

optical axis 1is given by

ch?

zZ =
14+/1-(1+k) c2h?

C,h* + C,h® + Ch® +C 1" + Ch'™ + Coh™ + C,h'® + Ch'® + Cyh™

+

with % being the radial distance from the optical axis

and ¢ = 1/R being the curvature of the surface.

In the first pupil plane 174, i. e. between the fifth and
the sixth lens of the projection objective 10, a correc-
tion element 132 is arranged which has again the shape of
a plane parallel plate. The correction element 132 and
all subsequent lenses along the propagation direction of

the projection light are made of fused silica glass
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(Si0z) in this embodiment. All lenses L1 to L5 arranged

in front of the correction element 132 are made of cal-

cium fluoride (CaFj).

FIG. 10 is a perspective view of the correction optical
system which includes the first five lenses L1 to L5 of
the projection objective 120. The lenses Ll to L5 are il-
lustrated in grid representations in this perspective
view. A meridional section of these components is given

in FIG. 11.

In this embodiment an Er doped laser is assumed to be
used in a secondary illumination system which is not
shown in FIGS. 10 and 11. The Er doped laser produces
correction light having a wavelength of about 2.8 pm. The
secondary illumination system, which may be configured in
a manner similar to what is shown in FIG. 8, illuminates
the reference plane 148 such that the intensity distribu-

tion in this reference plane 148 can be varied.

The condenser 156 of the correction optical system com-
prises two meniscus lenses 184, 186 which are made of Ge
which has a high transmission coefficient for the wave-

length of the correction light.

The collimated light bundles emerging from the condenser
156 superimpose on a plane reflective surface 190 of a
beam folding element 192. The beam folding element 192,
which is shown in a meridional section in FIG. 12, is

configured as a prism made of Ge. The reflective surface
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190 reflects rays of the correction light that entered
the prism on oné side by total iﬁternal reflectioﬂ such
that the rays leave the prism at the other side. The re-
flectivity of the surface 19Q may be enhanced by applying
an additional reflective coating on the prism. The beam
folding element 192 is designed such that the angular
correlation between the light rays impinging on the beam
folding element 192 is maintained after the reflection at
the reflective surface 190. This is illustrated in FIG.
12 with two collimated light bundles represented as solid

lines and broken lines, respectively.

As becomes clear from the meridional section of FIG. 11,
the beam folding element 192 is not positioned exactly in
the mask plane 136, but at some distance apart from it.
Thus the condenser 156 only approximately establishes a
Fourier relationship between the reference plane 148 and
the mask plane 136. As has been mentioned above, however,
this deviation from the ideal case is tolerable, since
the intensity distribution in the reference plane 148
does not have to be imaged on the correction element 136

sharply and free of aberrations.

FIG. 13 is an illustration of the correction optical sys-
tem similar to FIG. 11, but with the condenser 156 and
the reference plane 148 tilted as if the beam folding
element 190 was not present. If one compares this illus-
tration with the embodiment shown in FIG. 2, it is appar-
ent that the correction optical system of this embodiment
functions substantially in the same manner as what has

been described above with reference to the embodiment
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shown in FIG. 2. However, the beam folding element 192

mékes it possible fo arrange the seéondary illuminatibn
system (not shown) and the condenser 156 below the mask
plane 136 so that these optical elements do not obstruct

the mask and a mask stage that moves and aligns the mask.

The design specification of the correction optical system
shown in FIGS. 10 to 13 is given at the end of the de-
scription in tables 1 and 2. The table 3 contains the
same quantities as have been explained above with refer-
ence to table 1. Since the lenses L1 to L5 contained in
the projection objective 120 are also part of the correc-
tion optical system, their design specification is also

contained in table 3.
The surfaces listed in column 3 of table 3 with a dot
have an aspherical shape. Table 4 lists the aspherical

constants for those surfaces.

It is to be understood that the invention may equally be

used in other types of projection objectives, for example

purely refractive objectives as disclosed in WO
2003/075096 A2 or catadioptric objectives of the kind de-
scribed in WO 2004/019128 A2 or WO 2005/069055 A2.

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 invention and its attendant advantages, but will

also find apparent various changes and modifications to
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the structures and methods disclosed. The applicant
seeks, therefore, to éover all such chénges and modificé;
tions as fall within the spirit and scope of the inven-
tion, as defined by the appended claims, and equivalents

thereof.
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Table 1: Objective Design Specification

Surface Radius Asphere | Thickness Material Index at 112 diameter
# [mm] [mm] A =193.368 nm [mm]
0 0.000000 29.999023 AR 1.00000000 63.700
1 0.000000 -0.050962 AR 1.00000000 76.371
2 162.540788 . 36.459230 CAFUV 1.50104068 85.969
3 286.316216 0.906947 AR 1.00000000 87.519
4 239.617308 36.429846 CAFUV 1.50104068 88.629
5 591.567355 54.085429 AR 1.00000000 89.383
6 611.675718 . 28.914847 CAFUV 1.50104068 95.743
7 -557.802530 1.837386 AR 1.00000000 96.558
8 114.434441 82.273161 CAFUV 1.50104068 96.002
9 -449.283278 . 0.975405 AR 1.00000000 84.540
10 162.755184 30.929964 CAFUV 1.50104068 70.404
1 272.822843 . 13.395792 ARR 1.00000000 55.753
12 0.000000 5.000000 SI02v 1.56078570 100.000
13 0.000000 4.109813 AR 1.00000000 53.937
14 0.000000 25.336299 Slo2v 1.56078570 55.554
15 -355.066644 69.965982 AR 1.00000000 60.419
16 -206.891087 51.192534 SIo2v 1.56078570 77.315
17 -134.245139 . 6.546034 AR 1.00000000 89.501
18 -177.180785 17.122977 SIo2v 1.56078570 90.876
19 -185.517064 . 37.477450 AR 1.00000000 93.990
20 0.000000 199.804343 AR 1.00000000 96.634
21 -171.360334 . -199.804343 REFL 1.00000000 149.979
22 172.024621 . 199.804343 REFL 1.00000000 133.198
23 0.000000 56.112910 AR 1.00000000 118.623
24 271.929744 47.944896 Slo2v 1.56078570 136.447
25 1268330.221500 59.214916 AR 1.00000000 135.410
26 -, 9012778293 19.585025 Slo2v 1.56078570 126.711
27 -684.283982 . 27.886776 AR 1.00000000 125.717
28 -726.436879 . 18.476731 Slo2v 1.56078570 114.367
29 235.190638 14.171625 AR 1.00000000 105.240
30 270.085388 22.813296 SIo2v 1.56078570 103.636
31 120.974617 29.293094 AR 1.00000000 92.407
32 172.803839 . 15.938913 Slo2v 1.56078570 93.625

33 392.888081 14.264379 AR 1.00000000 94.903
34 1432.791704 10.490986 SIo2v 1.56078570 97.156
35 257.349202 . 12.215823 AR 1.00000000 103.308
36 257.740144 . 28.205179 Slo2v 1.56078570 112.222
37 1055.534001 9.990288 AR 1.00000000 116.183
38 1109.715036 . 48.650716 Slo2v 1.56078570 121.797
39 -243.150000 0.894710 AR 1.00000000 124.372
40 -4699.099421 . 10.273993 Slozv 1.56078570 128.263
41 -1238.671077 0.892471 AR 1.00000000 128.742
42 213.611304 73.813775 Slo2v 1.56078570 130.013
43 -259.957584 . -10.831737 AR 1.00000000 127.785
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Surface Radius Asphere | Thickness Material Index at 112 diameter
T # [mm)] i [mm] i A =193.368 nm [mm]
44 0.000000 -0.362185 AR 1.00000000 123.262
45 0.000000 11.964350 AR 1.00000000 123.430
46 148.477098 56.231628 sio2v 1.56078570 108.665
47 714.548108 . 0.841673 AR 1.00000000 104.536
48 300.400282 15.107300 Slo2v 1.56078570 88.362
49 -7493.575725 . 0.821009 AIR 1.00000000 81.805
50 81.635599 63.114483 HINDSOL 2.15000000 61.464
51 0.000000 3.100000 HINDLIQ 1.65002317 24.625
52 0.000000 0.000000 0.00000000 15.926
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Table 2: Objective Aspheric Constants

Surface # 2 6 9 11 17
K 0 0 0 0 0
C1 -2.861166e-08 -3.336785e-08 3.352771e-08 2.817847e-07 1.180309e-07
C2 -1.962230e-13 -1.479746e-12 1.745195e-11 -1.818432e-11 -5.169645e-12
C3 -2.527107e-17 2.428505e-16 -2.493178e-15 7.209744e-15 5.555993¢-16
C4 -7.639741e-21 -1.386888e-20 2.674239%-19 4.248172e-19 -7.065744e-20
C5 4.819493e-25 1.633134e-24 -1.932735e-23 -4.306273e-22 | 4.752951e-24
C6 -1.239021e-29 -7.291620e-29 5.956747¢-28 1.925501e-25 -2.294494¢-28
C7 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C8 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C9 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
Surface # 19 21 22 27 28
K 0 -1.90513 -1.34151 0 0

C1 -1.00063%e-07 -3.437019¢e-08 1.947252e-08 1.911061e-08 1.806107e-07
Cc2 4.915210e-12 2.619191e-13 3.025235¢e-14 8.601576e-13 -7.048097e-12
C3 -5.993923¢-16 -7.361057e-18 1.211486e-18 -1.354121e-16 3.133322e-16
C4 6.039386¢-20 1.075009e-22 1.330630e-24 3.856430e-21 -1.953267e-20
C5 -4.083105¢e-24 -1.770648e-27 -5.016884e-28 -1.136767¢-26 7.609848e-25
C6 1.800718e-28 5.412364e-33 1.517670e-32 -7.407626e-31 -1.752769¢-29
Cc7 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C8 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C9 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00

Surface # 32 35 36 38 40

K 0 0 0 0 0

C1 -7.670168e-08 7.070170e-08 -5.587568e-09 -4.291671e-09 -4.966644e-08
C2 -4.136842e-12 -7.771232e-12 -1.930912e-12 -1.306467e-13 1.050857e-13
C3 -2.235834e-16 7.971682e-17 2.083898e-16 -1.284843e-16 1.576396e-16
C4 6.888603e-21 5.18868%e-21 -2.190658e-20 9.303940e-21 -1.824778e-21
C5 -4.005533¢e-25 9.647622e-25 7.637049¢-25 1.233400e-25 1.142929¢-25
C6 1.985126e-29 -4.805718e-29 -1.412857e-29 -1.014037e-29 -7.112480e-30
C7 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C8 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C9 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00

Surface # 43 47 49

K 0 0 0

C1 3.077721e-08 -1.514981e-07 1.440002e-07

Cc2 1.025175¢e-12 9.911505e-12 2.276066e-12

C3 1.702741e-17 -4,847033e-17 -2.396053e-16

C4 -1.054969e-21 -3.422137e-20 9.816847e-20

C5 -1.016914e-26 2.095814e-24 -9.282521e-24

C6 1.653621e-30 -4.020899e-29 8.425198e-28

C7 0.000000e+00 0.000000e+00 0.000000e+00

C8 - 0.000000e+00 0.000000e+00 0.000000e+00

C9 0.000000e+00 0.000000e+00 | 0.000000e+00
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Table 3: Secondary Illumination System
Design Specification
Surface Radius Asphere | Thickness Material Index at 1/2 diameter

# [mm] fmm] A =2800.000 nm [mm]
0 0.000000 50.000000 AR 1.00000000 20.000
1 0.000000 0.000000 AR 1.00000000 21.518
2 -29.574011 10.000000 GERM 4.05156888 21.518
3 -33.869948 . 1.000000 AR 1.00000000 27.073
4 131.523573 . 10.000000 GERM 4.05156888 26.885
5 172.841617 60.000000 AR 1.00000000 24.880
6 -1584.220650 5.000000 GERM 4,05156888 2.498
7 0.000000 -5.000000 REFL 4.05156888 2.044
8 0.000000 5.000000 AR 1.00000000 2496
9 -162.540788 . -36.459230 CAFUV 1.41931807 71.471
10 -286.316216 -0.906947 AR 1.00000000 74.227
11 -239.617308 -36.429846 CAFUV 1.41931807 75177
12 -591.567355 -54.085429 AR 1.00000000 77.166
13 -611.675718 . -28.914847 CAFUV 1.41931807 86.320
14 557.802530 -1.837386 AR 1.00000000 87.891
15 -114.434441 -82.273161 CAFUV 1.41931807 90.814
16 449.283278 . -0.975405 AR 1.00000000 79.094
17 -162.755184 -30.929964 CAFUV 1.41931807 68.180
18 -272.822843 . -13.395792 AR 1.00000000 55.279
19 0.000000 0.000000 AR 0.00000000 13.000
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Table 4: Secondary Illumination System
Aspheric Constants

Surface # 3 4 9 13 16

K 0 0 0 0 0

C1 4.922290e-06 4.886818e-06 2.861166e-08 3.336785e-08 -3.352771e-08
C2 -6.047661e-09 | -9.334044e-09 1.962230e-13 1.479746e-12 -1.745195e-11
C3 4,577308e-12 8.921681e-12 2.527107e-17 -2.428505¢-16 2.493178e-15
C4 -2.554513¢-22 | -3.398610e-15 7.639741e-21 1.386888e-20 -2.67423%-19
C5 1.000000e-51 1.000000e-51 -4.819493e-25 -1.633134e-24 1.932735¢-23
C6 0.000000e+00 0.000000e+00 1.239021e-29 7.291620e-29 -5.956747e-28
C7 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C8 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
C9 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00 0.000000e+00
Surface # 18

K 0

C1 -2.817847e-07

C2 1.818432e-11

C3 -7.209744e-15

C4 -4,248172e-19

C5 4.306273e-22

C6 -1.925501e-25

C7 0.000000e+00

C8 0.000000e+00

C9 0.000000e+00
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CLAIMS
1. A microlithographic projection exposure apparatus
(10), comprising
a) a primary illumination system (12) which pro-

duces an intensity distribution of projection

light in a mask plane (36; 136);
b) a projection objective (20; 120); and
C) a correction optical system which comprises

- a secondary illumination system (30,
30", 30'', 30'"'"'") which produces an in-
tensity distribution of correction
light in a reference surface (48; 148)

and

- a correction element (32; 132) which
comprises a heating material and is ar-
ranged in a plane (38; 174) being at
least substantially optically conjugate
to the reference surface (48; 148) such
that the correction light and the pro-
jection light pass through at least one
lens (34; L1 to L5) contained in the
projection objective (20; 120) before
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they impinge on the correction element

(32; 132),

wherein all lenses (34; L1 to L5) through which

both the correction light and the projection light
pass are made of lens materials which have a lower
coefficient of absorption for the correction light
than the heating material contained in the correc-

tion element (32; 132).

The apparatus of claim 1, wherein, for the correc-
tion light, the coefficient of absorption of the
heating material is at least k = 2 times greater
than the coefficient of absorption of the lens ma-
terial having the highest coefficient of absorption

among the lens materials.

The apparatus of claim 2, wherein k = 5.

The apparatus of any of the preceding claims,
wherein a layer (22) to be arranged in an image
plane (122) of the projection objective (20; 120)
is sensitive to the projection light, but not to

the correction light.

The apparatus of any of the preceding claims,
wherein the projection light and the correction

light have different wavelengths.
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The apparatus of claim 5, wherein the heating mate-
rial is synthetic quartz glass, and wherein the

lens materials are all calcium fluoride.

The apparatus of claim 5 or 6, wherein the projec-
tion light has a wavelength which is smaller than
250 nm, and the correction light contains a wave-

length component having a wavelength above 2 pm.

The apparatus of claim 7, wherein the correction
light contains a light component having a wave-

length between 4.5 pm and 6 pm.

The apparatus of claims 6 and 7, wherein the syn-
thetic quartz glass has a OH concentration of more
than 500 ppm, and wherein the correction light con-
tains a light component having a wavelength between

2.65 pm and 2.85 pm.

The apparatus of claims 5 or 6, wherein the projec-
tion light has a wavelength which is greater than
190 nm, and the correction light contains a wave-
length component having a wavelength of less than

180 nm.

The apparatus of any of the preceding claims,
wherein the correction element (32; 132) is a re-

fractive optical element.
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The apparatus of claim 11, wherein the correction
element (32; 132) comprises a substrate configured

as a plane parallel plate.

The apparatus of claim 12, wherein the substrate is

made of the heating material.

The apparatus of any of the preceding claims,
wherein the correction element (32; 132) is ar-
ranged in or in close proximity of a pupil plane

(38; 174) of the projection objective (20; 120).

The apparatus of claim 14, wherein the close prox-
imity is defined by axial distances from the pupil
plane (38; 174) at which the ratio P = hp/her > 3,
wherein hpr is the height of a marginal ray that
emerges from a point on the optical axis, and her is
the height of a chief ray that impinges on a mar-

ginal image point.
The apparatus of claim 15, wherein P > 5.

The apparatus of any of the preceding claims,
wherein the correction optical system comprises a
condenser (56; 156) through which only correction

light is allowed to propagate.

The apparatus of claim 17, wherein the condenser

(56; 156) has an optical axis which does not coin-
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cide with an optical axis (26) of the projection

objective (20: 120).

The apparatus of claim 17 or 18, wherein the con-
denser (56; 156) establishes a Fourier relationship
between the reference surface (48; 148) and the
mask plane (36; 136) or a plane which is optically

conjugate to the mask plane.

The apparatus of any of the preceding claims,
wherein the correction optical system comprises a
beam folding element (192) that feeds the correc-
tion light into a beam path of the projection ob-
jective (120).

The apparatus of claim 20, wherein the beam folding
element (192) is arranged between the mask plane

(136) and the projection objective (120).

The apparatus of claim 20 or 21, wherein the beam
folding element (192) comprises a mirror or a

prism.

The apparatus of any of the preceding claims,
wherein the correction optical system comprises a
spatial light modulator (64; 64'; 64'"'; 64'''") that
is configured to vary the intensity distribution in

the reference surface (48; 148).
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The apparatus of claim 23, wherein the spatial
light modulator (64) comprises a stop device (54,

50, 50', 50'') having a variable configuration of

apertures.

The apparatus of claim 24, wherein the stop device
comprises a plurality of stop elements (50, 50",
50''), which have different configurations of aper-
tures (5la, 51b, 5lc; 5la', 51b'; 5la'', 51lb'",
53a'', 53b''), and an exchange holder (54) for re-

ceiving at least one of the stop elements.

The apparatus of claim 23, wherein the spatial
light modulator (64') comprises a plurality of
light emitting elements (46') arranged in the ref-

erence surface (48).

The apparatus of claim 23, wherein the spatial
light modulator (64'') comprises a plurality of
tiltable mirror elements (M;;) arranged in the ref-
erence surface (48), and wherein the secondary il-
lumination system (30'') illuminates the mirror

elements (Mij) .

The apparatus of any of claims 23 to 27, wherein
the correction optical system comprises a control
unit (60'; 60''; 60''') which controls the spatial
light modulator (64', 64''; 64''"') and is config-

ured to determine the intensity distribution in the



WO 2009/046895 PCT/EP2008/008251

- 59 -

reference surface (48; 148) depending on an input
quantity which relates to at least one of the group
containing: illumination setting produced by the
primary illumination system (12), temperature of at
5 least one lens (34; L1 to L5) contained in the pro-
jection objective (20; 120), measured imaging qual-

ity of the projection objective (20; 120).

29. The apparatus of any of the preceding claims,
wherein the correction optical system comprises an
10 optical integrator (68) having a light exit surface
which is arranged at least substantially in the

reference surface (48).

30. The apparatus of claim 29, wherein the optical in-
tegrator (68) comprises at least one array of opti-

15 cal microlenses.

31. A microlithographic projection exposure apparatus

(10), comprising

a) a projection objective (20; 120); and
b) a correction optical system which comprises
20 - a light modulator system (30, 50, 54;
30'; 30'', 64''; 30''', 64''"') which

produces a variable intensity distribu-
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32.

33.

tion of correction light in a reference

surface (48) and

- a correction element (32; 132) which is
arranged in a plane (38; 174) being at
least substantially optically conjugate
to the reference surface (48; 148) such
that the correction light and the pro-
jection light pass through at least one
lens (34; L1 to L5) contained in the
projection objective (20; 120) before
they impinge on the correction element

(20; 120).

The apparatus of claim 31, wherein the light modu-
lator system (30'; 30'', 64''; 30''', 64''') com-
prises a plurality of light emitting (46') or light
reflecting elements (M;;) and a control unit (60",
60", 60''') that is configured to individually

control the elements (46', Mij).

The apparatus of claim 31 or 32, wherein the light
modulator system (30, 50'', 54) is configured to
produce at least two different non-zero intensities
at a plurality of points in the reference surface

(48) .
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34.

35.

36.

- 61 -~

A method of correcting an image error in a micro-
lithographic projection exposure apparatus (10),

comprising the following steps:

a) producing an intensity distribution of cor-
rection light in a reference surface (48;

148) ;

b) imaging the reference surface (48; 148) onto
a correction element (32; 132) contained in a
projection objective (20; 120) of the appara-
tus (10), wherein the correction light and
projection light pass through at least one
lens (34; L2 to L5) contained in the projec-
tion objective (20; 120) before they impinge
on the correction element (32; 132), and
wherein the correction light is more strongly
absorbed in the correction element (32; 132)
than in any of the lenses (34; L1 to L5)
through which both the correction light and

the projection light pass.

The method of claim 34, wherein the intensity dis-
tribution in the reference surface (48; 148) 1is

varied.

The method of claim 35, wherein the intensity dis-
tribution in the reference surface (48; 148) is

varied depending on an input quantity which relates
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to at least one of the group containing: illumina-
tion setting produced by an illumination system,
temperature of at least one lens (34; L1 to L5)
contained in the projection objective (20; 120),
measured imaging quality of the projection objec-

tive (20; 120).
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