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(57) Abstract: The invention relates to a mirror, in particular for a mi-
crolithographic projection exposure apparatus. In accordance with one as-
pect, a mirror according to the invention has an optical effective surface
(11, 31), a mirror substrate (12, 32), a reflection layer system (21, 41) for
reflecting electromagnetic radiation that is incident on the optical effective
surface, and at least one piezoelectric layer (16, 36), which is arranged be-
tween the mirror substrate and the reflection layer system and to which an
electric field for producing a locally variable deformation is able to be ap-
plied by way of a first electrode arrangement situated on the side of the
piezoelectric layer facing the reflection layer system, and by way of a sec-
ond electrode arrangement situated on the side of the pie- zoelectric layer
facing the mirror substrate, wherein one of said electrode arrangements is
assigned a mediator layer (17, 37, 51, 52, 53, 71) for setting an at least re-
gionally continuous profile of the electrical potential along the respective
electrode arrangement; and wherein said mediator layer has at least two
mutually electrically insulated regions (17a, 17b, 17c,...; 37a,37b, 37c,...).
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Mirror, in particular for a microlithographic

projection exposure apparatus

This application claims priority of German Patent Application DE 10 2019 208
934.8 filed on June 19, 2019. The content of this application is hereby

incorporated by reference.

BACKGROUND OF THE INVENTION

Field of the invention

The invention relates to a mirror, in particular for a microlithographic projection

exposure apparatus.

Prior art

Microlithography is used for producing microstructured components such as,
for example, integrated circuits or LCDs. The microlithography process is con-
ducted in what is called a projection exposure apparatus, which comprises an
illumination device and a projection lens. The image of a mask (= reticle) illu-
minated by means of the illumination device is projected here by means of the
projection lens onto a substrate (e.g. a silicon wafer) coated with a light-
sensitive layer (= photoresist) and disposed in the image plane of the projection
lens, in order to transfer the mask structure to the light-sensitive coating of the

substrate.
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In projection lenses designed for the EUV range, i.e., at wavelengths of, e.g.,
approximately 13 nm or approximately 7 nm, mirrors are used as optical com-
ponents for the imaging process owing to the lack of availability of suitable

light-transmissive refractive materials.

In this case, it is also known to configure one or more mirrors in an EUV sys-
tem as an adaptive mirror with an actuator layer composed of a piezoelectric
material, wherein an electric field having a locally varying strength is generated
across this piezoelectric layer by an electrical voltage being applied to elec-
trodes arranged on both sides with respect to the piezoelectric layer. In the
case of a local deformation of the piezoelectric layer, the reflection layer sys-
tem of the adaptive mirror also deforms, with the result that, for example, imag-
ing aberrations (possibly also temporally variable imaging aberrations) can be

at least partly compensated for by suitable driving of the electrodes.

Fig. 8a shows a construction of a conventional adaptive mirror 80, which is
possible in principle, in a merely schematic illustration. The mirror 80 comprises
in particular a mirror substrate 82 and also a reflection layer system 91 and has
a piezoelectric layer 86, which is produced from lead zirconate titanate
(Pb(Zr,Ti)Os, PZT) in the example. Electrode arrangements are respectively
situated above and below the piezoelectric layer 86, by way of which electrode
arrangements an electric field for producing a locally variable deformation is
able to be applied to the mirror 80. Of said electrode arrangements, the second
electrode arrangement facing the substrate 82 is configured as a continuous,
planar electrode 84 of constant thickness, whereas the first electrode arrange-
ment has a plurality of electrodes 90, to each of which an electrical voltage rel-
ative to the electrode 84 is able to be applied via a lead 89. The electrodes 90
are embedded into a common smoothing layer 88, which is produced e.g. from
quartz (SiO2) and serves for levelling the electrode arrangement formed from
the electrodes 90. Furthermore, the mirror 80 has, between the mirror substrate
82 and the bottom electrode 84 facing the mirror substrate 82, an adhesion

layer 83 (e.g. composed of titanium, Ti) and a buffer layer 85 (e.g. composed of
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LaNiO3), which is arranged between the electrode arrangement 84 facing the
substrate 82 and the piezoelectric layer 86 and which further supports the
growth of PZT in an optimum, crystalline structure and ensures consistent

polarization properties of the piezoelectric layer over the service life.

During operation of the mirror 80 or of an optical system comprising said mirror
80, applying an electrical voltage to the electrodes 84 and 90, by way of the
electric field that forms, results in a deflection of the piezoelectric layer 86. In
this way, it is possible - for instance for the compensation of optical aberrations
e.g. owing to thermal deformations in the case of EUV radiation incident on the

optical effective surface 81 - to achieve an actuation of the mirror 80.

In accordance with Figs. 8a-8b, the mirror 80 furthermore has a mediator layer
87. Said mediator layer 87 is in direct electrical contact with the electrodes 90
(which are illustrated in plan view in Fig. 8a only for elucidation purposes). Said
mediator layer 87 serves to “mediate” between the electrodes 90 in terms of
potential, wherein it has only low electrical conductivity, with the consequence
that a potential difference existing between adjacent electrodes 90 is dropped

substantially across the mediator layer 87.

An advantage achieved owing to the presence of the mediator layer 87 is evi-
dent from the diagram in Fig. 9, in which diagram the stray light proportion is
plotted as a function of the number of electrodes 90. In accordance with Fig. 9,
in order to fall below an upper threshold for the stray light proportion, said
upper threshold being predefined according to an exemplary specification,
without the presence of the mediator layer 87, in the example chosen, a num-
ber of sixty electrodes is required in one of two mutually perpendicular spatial
directions, that is to say in total a number of 60+«60=3600 electrodes, whereas if
the mediator layer 87 is present, said number can be reduced to fewer than 10
electrodes in one of the two mutually perpendicular spatial directions with the
consequence that the realizability of the electrode arrangement formed from

the electrodes 90 is significantly simplified.
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However, one problem that occurs in practice during the operation of the adap-
tive mirror described above is that even with the use of the mediator layer
described above, the deformation profiles desired in each case can often be
realized only to an insufficient extent, with the consequence that the correction
of imaging aberrations that is attained by driving of the electrodes is not

achievable with sufficient accuracy either.

A further problem that occurs in practice is that a setting of a comparatively
high electrical sheet resistance of the mediator layer (of e.g. 100kQ), which set-
ting is desirable in principle in order to limit undesired evolution of heat on
account of the electrical power generated in the mediator layer 87 as a result of
electric current being applied to the electrode arrangements, has the effect that
the propagation of the electrical potential in the mediator layer would take place
too slowly in certain scenarios (e.g. upon taking account of thermally induced
mask deformations in the lithography process). As a result, conventionally in
the configuration of the mediator layer generally compromises are required in
so far as avoiding thermal problems (by setting the highest possible electrical
resistance of the mediator layer) needs to be harmonized with a rapid reaction
capability (e.g. within milliseconds (ms)) when setting the desired surface
shape of the adaptive mirror (by setting a correspondingly low electrical

resistance of the mediator layer).

Regarding the prior art, reference is made merely by way of example to DE 10

2013 219 583 A1 and DE 10 2015 213 273 A1.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a mirror, in particular for a

microlithographic projection exposure apparatus, which, on the basis of the
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principle of the locally varying deformation of a piezoelectric layer, enables

aberrations in an optical system to be corrected as optimally as possible.

This object is achieved in accordance with the features of the independent

claims.

A mirror according to the invention comprises:

an optical effective surface;
a mirror substrate;

a reflection layer system for reflecting electromagnetic radiation that is

incident on the optical effective surface; and

at least one piezoelectric layer, which is arranged between the mirror sub-
strate and the reflection layer system and to which an electric field for pro-
ducing a locally variable deformation is able to be applied by way of a first
electrode arrangement situated on the side of the piezoelectric layer facing
the reflection layer system, and by way of a second electrode arrangement

situated on the side of the piezoelectric layer facing the mirror substrate;

wherein one of said electrode arrangements is assigned a mediator layer
for setting a continuous profile of the electrical potential along the respec-

tive electrode arrangement; and

wherein said mediator layer has at least two mutually electrically insulated

regions.

In the context of the present application, the term “reflection layer system”

should be deemed to encompass both multilayer systems or reflection layer

stacks and monolayers.

The concept underlying the present invention, in the case of an adaptive mirror

comprising a piezoelectric layer, to which an electric field for producing a locally

variable deformation is able to be applied by way of electrode arrangements,

is, in particular, a concept which does not involve configuring in planar fashion
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throughout a mediator layer having comparatively low electrical conductivity for
mediating in terms of potential between the respective electrodes of an elec-
trode arrangement, but rather involves using a “structured mediator layer” in so
far as, by means of suitable electrical insulation of individual regions of the
mediator layer from one another, in each case only a partial number of elec-
trodes of the electrode arrangement assigned to the relevant mediator layer

are electrically connected to one another.

In other words, according to the invention, the mediator layer used for mediat-
ing in terms of electrical potential between electrodes of the relevant electrode
arrangement is configured in such a way that said mediating in terms of poten-
tial takes place only between subgroups or “clusters” of electrodes (e.g. only
between adjacent electrodes or electrodes arranged at a comparatively small
distance from one another), that is to say that a “remote interaction” between
electrodes comparatively far away from one another across the mediator layer

is interrupted.

In this case, the invention is based on the consideration that such a “remote in-
teraction” across the mediator layer in the sense of an electrical connection of
all the electrodes of the associated electrode arrangement to one another,
such as is present in the conventional adaptive mirror in accordance with Figs.
8a-8b and is indicated in the schematic equivalent circuit diagram in Fig. 4a,
undesirably has the consequence that the electrical voltage established be-
tween respectively adjacent electrodes on account of the action of the mediator
layer is also influenced by electrodes further away. This results in a generally
logarithmic drop in voltage to the average level of all the electrodes, which in
turn contributes to the problem — outlined in the introduction — of an only
inadequate approximation of the adaptive mirror to the deformation profile

desired in each case.

In order to overcome this problem, then, the invention involves interrupting the

remote interaction between the electrodes across the mediator layer with the



10

15

20

25

30

WO 2020/254147 PCT/EP2020/065938

consequence that the mediator layer structured according to the invention — as
illustrated schematically in the equivalent circuit diagram in Fig. 4b — effects a
mediation in terms of electrical potential e.g. only between respectively adja-
cent electrodes or electrodes arranged at a comparatively small distance from
one another in the associated electrode arrangement. As a result, in the case
of adjacent electrodes, a polynomial profile of the voltage between the elec-
trodes is attained, in contrast to the logarithmic voltage drop described previ-
ously. As a result, the invention makes it possible to realize a significantly
improved approximation to the desired deformation profile of the adaptive

mirror.

According to the invention, in this case, with regard to the structuring of the
mediator layer, an increased outlay is deliberately accepted from a production
engineering standpoint in order, in return, by way of the suppression of a
remote interaction in the mediation in terms of electrical potential between the
electrodes, to achieve the improved approximation of the deformation profile to

the target profile desired in each case.

A further advantage of the structuring of the mediator layer according to the in-
vention is that the limitation according to the invention of the mediation in terms
of electrical potential to electrodes that are comparatively closely adjacent (and
typically at a similar electrical potential) results in a reduction of the electric cur-
rents flowing in total in the mediator layer (in comparison with the conventional
mediation in terms of electrical potential between all the electrodes of the as-
signed electrode arrangement across a mediator layer configured in a continu-
ous fashion). This in turn advantageously has the effect that the thermal prob-
lems — likewise mentioned in the introduction — and thus also the difficulties in
setting a suitable compromise between “rapid reaction capability” of the adap-
tive mirror with regard to the respective deformation profile, on the one hand,
and avoiding undesired thermal deformations, on the other hand, can be re-

duced.
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In accordance with one embodiment, the electrode arrangement to which the
mediator layer is assigned has a plurality of electrodes, to each of which an
electrical voltage relative to the respective other electrode arrangement is able

to be applied via a lead.

In accordance with one embodiment, the mediator layer is structured for provid-
ing a plurality of mutually electrically insulated regions, wherein said regions

are assigned to different electrodes or different clusters of electrodes.

In accordance with one embodiment, this structuring makes possible an electric
current flow across the mediator layer only between directly adjacent elec-

trodes.

In accordance with one embodiment, this structuring makes possible an electric
current flow across the mediator layer only between electrodes respectively

associated with the same cluster.

In accordance with one embodiment, the number of electrodes in the respec-

tive clusters varies across the mediator layer.

In accordance with one embodiment, the mutually electrically insulated regions
of the mediator layer are separated from one another by an electrically insulat-
ing material situated between said regions, in particular silicon dioxide (SiO3) or
Al2O3.

In accordance with one embodiment, the mutually electrically insulated regions
of the mediator layer are separated from one another by a material having an

electrical permittivity €, of more than 1000.

In accordance with one embodiment, the mutually electrically insulated regions
of the mediator layer are separated from one another by virtue of the fact that

the piezoelectric layer extends between said regions.
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In accordance with one embodiment, electrically insulating sections for separat-
ing the mutually electrically insulated regions, in a plane parallel to the piezo-
electric layer, have a maximum dimension of less than 10um, in particular less

than 2um.

In accordance with one embodiment, a shielding electrode for at least partly
shielding the respective electrical potentials is in each case arranged between

different electrodes or different clusters of electrodes.

In accordance with one embodiment, optionally a defined electrical voltage can
be applied to said shielding electrode or the latter can be operated with zero

voltage.

The invention furthermore relates to a mirror, in particular for a microlithograph-
iC projection exposure apparatus, wherein the mirror has an optical effective

surface, comprising:
- amirror substrate;

- a reflection layer system for reflecting electromagnetic radiation that is

incident on the optical effective surface; and

- at least one piezoelectric layer, which is arranged between the mirror sub-
strate and the reflection layer system and to which an electric field for pro-
ducing a locally variable deformation is able to be applied by way of a first
electrode arrangement situated on the side of the piezoelectric layer facing
the reflection layer system, and by way of a second electrode arrangement

situated on the side of the piezoelectric layer facing the mirror substrate;

- wherein one of said electrode arrangements is assigned a mediator layer
for setting an at least regionally continuous profile of the electrical potential

along the respective electrode arrangement;

- wherein the electrode arrangement to which the mediator layer is assigned

has a plurality of electrodes, to each of which an electrical voltage relative
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to the respective other electrode arrangement is able to be applied via a

lead: and

- wherein a shielding electrode for at least partly shielding the respective
electrical potentials is in each case arranged between different electrodes

or different clusters of electrodes.

In accordance with one embodiment, the material of the mediator layer is se-
lected from the group containing titanium oxides, gallium nitrides, gallium
oxides, aluminium nitrides, aluminium oxides and also mixed oxides comprising
lanthanum (La), manganese (Mn), cobalt (Co), calcium (Ca), strontium (Sr),
iron (Fe), copper (Cu) or nickel (Ni). The material of the mediator layer can be a
stoichiometric or else a non-stoichiometric, a doped or else a non-doped com-
pound. Exemplary suitable compounds or mixed oxides are, in particular, tita-
nium dioxide (TiO2), LaCoO;, LaMnO;, LaCaMnOj;, LaNiOs;, Lag7Sre3FeOs,
LaCug 4(Mng5C00.5)0603, Lag7SrosMnOs, GaN, Ga,03;, AIN, SrCoO; or CaM-
nOs.

In accordance with one embodiment, the mirror is designed for an operating

wavelength of less than 30 nm, in particular less than 15 nm.

In accordance with one embodiment, a locally variable deformation is able to
be produced by an electric field being applied to the piezoelectric layer in such
a way that the maximum deviation from a predefined desired profile is less than
2%.

In accordance with one embodiment, a distance between the optically used
surface of the mirror and the mirror edge is less than 10 mm, in particular less
than 3 mm. In such configurations of the mirror having an optically used sur-
face extending close to the mirror edge, the setting of “edge-sharp" defor-
mation profiles that is made possible according to the invention is manifested
particularly to advantage in comparison with a mirror comprising an unstruc-

tured mediator layer.
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In accordance with one embodiment, the mediator layer has an average elec-
trical sheet resistance of less than 10 kQ, in particular less than 5 kQ. As a
result, it is possible to attain a rapid reaction capability of the adaptive mirror
with regard to the respective deformation profile, making use of the circum-
stance that, as already explained, on account of the reduction of the electric
currents flowing in total in the mediator layer structured according to the inven-
tion (in comparison with the conventional mediation in terms of electrical poten-
tial between all the electrodes of the assigned electrode arrangement across a
mediator layer configured in a continuous fashion), less consideration has to be
given to avoiding undesired thermal deformations (for instance as a result of

setting a high electrical resistance in the mediator layer).

In accordance with one embodiment, the mirror is a mirror for a microlitho-

graphic projection exposure apparatus.

The invention furthermore relates to an optical system of a microlithographic
projection exposure apparatus, in particular an illumination device or a projec-
tion lens, comprising at least one mirror having the above-described features,

and also to a microlithographic projection exposure apparatus.

The invention furthermore relates to a method for producing a mirror, wherein

the method comprises the following steps:
- providing a mirror substrate;

- applying a piezoelectric layer and also a first and a second electrode
arrangement on the mirror substrate, wherein an electric field for produc-
ing a locally variable deformation is able to be applied to the piezoelectric
layer by way of the first electrode arrangement situated on the side of the
piezoelectric layer facing away from the mirror substrate, and by way of
the second electrode arrangement situated on the side of the piezo-

electric layer facing the mirror substrate;



10

15

20

25

30

WO 2020/254147 PCT/EP2020/065938

12

- applying a mediator layer for setting an at least regionally continuous pro-
file of the electrical potential along one of said electrode arrangements in
such a way that said mediator layer has at least two mutually electrically

insulated regions; and

- applying a reflection layer stack for reflecting electromagnetic radiation
having an operating wavelength that is incident on the optical effective

surface.

In accordance with one embodiment, the step of applying the mediator layer
comprises structuring the mediator layer, wherein said structuring is carried out

lithographically or using laser ablation.

Further configurations of the invention can be gathered from the description

and the dependent claims.

The invention is explained in greater detail below on the basis of exemplary

embodiments illustrated in the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

In the figures:

Figure 1 shows a schematic illustration for elucidating the construction

of an adaptive mirror in accordance with one embodiment of

the invention;

Figures 2-5 show schematic illustrations for elucidating the construction of

an adaptive mirror in accordance with further embodiments of

the invention;
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Figure 6 shows a schematic illustration for elucidating the possible
construction of a microlithographic projection exposure appa-

ratus designed for operation in the EUV;

Figure 7 shows a schematic illustration for elucidating the possible
construction of a microlithographic projection exposure appa-

ratus designed for operation in the VUV,

Figures 8a-8b show schematic illustrations for elucidating the possible con-

struction of a conventional adaptive mirror; and

Figure 9 shows a diagram for elucidating the influence of a mediator
layer in a conventional adaptive mirror in accordance with

Figures 8a-8b.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Fig. 1 shows a schematic illustration for elucidating the construction of a mirror
according to the invention in one exemplary embodiment of the invention. The
mirror 10 comprises in particular a mirror substrate 12, which is produced from
any desired suitable mirror substrate material. Suitable mirror substrate materi-
als are e.g. titanium dioxide (TiOz)-doped quartz glass, wherein the materials
sold under the trademark ULE® (from Corning Inc.) can be used merely by way
of example (and without the invention being restricted thereto). Further suitable
materials are lithium aluminosilicate glass ceramics sold e.g. under the trade-
marks Zerodur® (from Schott AG) or Clearceram® (from Ohara Inc.). Particular-
ly in applications outside EUV microlithography, other materials such as e.g.

silicon (Si) are also conceivable.

Furthermore, the mirror 10 has, in a manner known per se in principle, a reflec-

tion layer system 21, which, in the embodiment illustrated, comprises merely by
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way of example a molybdenum-silicon (Mo-Si) layer stack. Without the inven-
tion being restricted to specific configurations of said reflection layer system,
one suitable construction that is merely by way of example can comprise
approximately 50 plies or layer packets of a layer system comprising molyb-
denum (Mo) layers having a layer thickness of in each case 2.4 nm and silicon
(Si) layers having a layer thickness of in each case 3.3 nm. In further embodi-

ments, the reflection layer system can also be a monolayer.

The mirror 10 can be in particular an EUV mirror of an optical system, in partic-
ular of the projection lens or of the illumination device of a microlithographic

projection exposure apparatus.

The mirror 10 has a piezoelectric layer 16, which is produced from lead
zirconate titanate (Pb(Zr,Ti)O3;, PZT) in the example. Electrode arrangements
are respectively situated above and below the piezoelectric layer 16, by way of
which electrode arrangements an electric field for producing a locally variable
deformation is able to be applied to the mirror 10. Of said electrode arrange-
ments, the second electrode arrangement facing the substrate 12 is configured
as a continuous, planar electrode 14 of constant thickness, whereas the first
electrode arrangement has a plurality of electrodes 20, to each of which an
electrical voltage relative to the electrode 14 is able to be applied via a lead 19.
The electrodes 20 are embedded into a common smoothing layer 18, which is
produced e.g. from quartz (SiO;) and serves for levelling the electrode arrange-
ment formed from the electrodes 20. Furthermore, the mirror 10 has, between
the mirror substrate 12 and the bottom electrode 84 facing the mirror substrate
12, an adhesion layer 33 (e.g. composed of titanium, Ti) and a buffer layer 15
(e.g. composed of LaNiO3), which is arranged between the electrode arrange-
ment 14 facing the substrate 12 and the piezoelectric layer 16 and which
further supports the growth of PZT in an optimum, crystalline structure and
ensures consistent polarization properties of the piezoelectric layer over the

service life.



10

15

20

25

30

WO 2020/254147 PCT/EP2020/065938

15

During operation of the mirror 10 or of an optical system comprising said mirror
10, applying an electrical voltage to the electrodes 14 and 20, by way of the
electric field that forms, results in a deflection of the piezoelectric layer 16. In
this way, it is possible (for instance for the compensation of optical aberrations
e.g. owing to thermal deformations in the case of EUV radiation incident on the

optical effective surface 11) to achieve an actuation of the mirror 10.

In accordance with Fig. 1, the mirror 10 furthermore has a mediator layer 17.
Said mediator layer 17 is in direct electrical contact with the electrodes 20
(which are illustrated in plan view in Fig. 1 only for elucidation purposes), and
serves to “mediate” between the electrodes 20 in terms of potential, wherein it
has only low electrical conductivity, (preferably less than 200 siemens/meter
(S/m)) such that a potential difference existing between adjacent electrodes 20

is dropped substantially across the mediator layer 17.

According to the invention, then, in the case of the adaptive mirror 10 in the
exemplary embodiment in Fig. 1, the mediator layer 17 is not embodied as a
layer that is electrically conductive in a planar continuous fashion, but rather is
structured in so far as it has a plurality of mutually electrically insulated regions
17a, 17b, 17c, .... This structuring is realized in the exemplary embodiment —
but without the invention being restricted thereto — by the mediator layer 17 be-
ing correspondingly structured lithographically during the production of the
adaptive mirror 10, wherein electrically insulating material such as e.g. SiO or
Al;O; is introduced between the regions 17a, 17b, 17c,..., which are separated
from one another during said structuring. The electrically insulating sections for
separating the individual regions 17a, 17b, 17c,... of the mediator layer 17 from
one another are designated by “25” in Fig. 1. In further embodiments, said
structuring of the mediator layer 17 can also be carried out e.g. using laser ab-

lation.

According to the invention, the above-described structuring of the mediator

layer 17 then has the effect, in particular, that a mediation in terms of electrical
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potential between electrodes 20 of the electrode arrangement assigned to said
mediator layer 17 by way of an electric current flow across the mediator layer
17 is no longer effected between all the electrodes 20, but rather only group-
wise between those electrodes 20 which are assigned to one and the same re-
gion 17a, 17b, 17c,... of the mediator layer 17. In this case, depending on the
specific configuration of the structuring of the mediator layer 17, the relevant
groups or clusters of electrodes 20 can each comprise a partial number of elec-

trodes 20 that is of any desired magnitude.

In particular, the structuring can be effected in such a way that a mediation in
terms of electrical potential is effected only between directly adjacent elec-
trodes 20. In further embodiments, said mediation can also be effected over a
larger partial number of electrodes 20 (also including the respective next
neighbours but one or electrodes even further away). Furthermore, in embod-
iments, the number of electrodes 20 comprised per group or cluster (and medi-
ated in terms of electrical potential in the above sense or assigned to one and
the same region 17a, 17b, 17c,... of the mediator layer 17) can vary across the
entire mediator layer 17 in order, depending on the specific application, to ena-
ble the best possible approximation of the deformation profile set by the adap-
tive mirror 10 to the respective target profile and, in particular, also the setting

of deformation profiles that are as “edge-sharp” as possible.
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Table 1:

Zernike- Unstructured Structured
Polynomial no. Mediator layer Mediator layer
5 7.9% 0.74%

6 4.4% 0.44%

7 15.2% 0.57%

8 9.5% 0.67%

9 24.0% 0.57%

10 9.4% 0.50%

11 6.8% 0.51%

12 25.0% 1.46%

13 18.4% 0.42%

14 36.9% 0.33%

15 22.1% 0.46%

16 40.5% 0.25%

Figs. 3a-3c show merely exemplary realizations of the structuring according to
the invention in a schematic and simplified illustration, wherein the relevant
mediator layer is designated respectively by “51”, “52” and “53” and wherein
the electrodes of the electrode arrangement respectively assigned to said me-
diator layer are designated by “41”, “42” and “43”, respectively. The solid black
lines in Figs. 3a-3c correspond in each case to the electrically insulating sec-
tions (e.g. formed from SiO, as described above). The number of electrodes
between which an electrical coupling is effected across corresponding regions
of the mediator layer is four in each case in accordance with Fig. 3a and Fig.
3b, whereas said number is five in accordance with Fig. 3c. In line with the ex-
planations above, in further embodiments said number can also be chosen to

be higher or lower (e.g. three in the case of triangular cells) and arbitrarily in

principle.

Fig. 2 shows a further embodiment, wherein components analogous or sub-
stantially functionally identical to figure 1 are designated by reference numerals
increased by "20". In contrast to Fig. 1, in the case of the embodiment in Fig. 2,
the structuring of the mediator layer 37 is realized by the piezoelectric layer 36

extending between the regions 37a, 37b, 37c,... of the mediator layer 37 that
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are to be electrically insulated from one another, that is to say that the material
of the piezoelectric layer 36 itself serves as an electrical insulator. This can be
realized during the production of the adaptive mirror 30 e.g. by virtue of the fact
that, after the piezoelectric layer 36 has been applied, the material of said
piezoelectric layer is partially removed e.g. with the aid of laser ablation and
the material of the mediator layer 37 is deposited in the corresponding inter-

mediate regions.

Both in the embodiment in accordance with Fig. 2 and in the embodiment in
accordance with Fig. 1, after the above-described structuring of the mediator
layer 17 and 37, a CMP step (CMP = chemical mechanical polishing) can be
employed in order to ensure a geometry that is as smooth or planar as possible

before the further layer sequence is applied.

According to the invention, with regard to the structuring of the mediator layer,
an increased outlay is deliberately accepted from a production engineering
standpoint in order, in return, by way of the suppression of a remote interaction
in the mediation in terms of electrical potential between the electrodes, to
achieve an improved approximation of the deformation profile to the target pro-

file desired in each case.

In further embodiments, (additionally or alternatively) a suppression of said re-
mote interaction in the mediation in terms of electrical potential between the
electrodes of the electrode arrangement assigned to the mediator layer can al-
so0 be attained using one or more shielding electrodes, as is illustrated in a
merely schematic and greatly simplified manner in Fig. 5. In this case, the elec-
trodes of the electrode arrangement assigned to a mediator layer 71 (which
here is configured in planar continuous fashion, i.e. is not structured) are des-
ignated by “70” and a corresponding shielding electrode is designated by “72”.
Optionally, a defined electrical voltage can be applied to said shielding elec-
trode 72 or else the latter can be operated with zero voltage. As indicated by

means of the scored-through horizontal arrow in Fig. 5, the effect of the shield-
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ing electrode 72 is, in particular, to suppress an electric current flow between
electrodes 70 arranged on different sides of the shielding electrode 72. In this
case, the shielding electrode 72 is situated in the same plane as the electrodes
70 (i.e. — in contrast to the electrically insulating sections 25 and 45 described
with reference to Fig. 1 and Fig. 2, respectively — not in the plane of the media-

tor layer).

In particular, the shielding electrodes can also be embodied as an almost
closed curve (“almost” in order to still enable the inner electrodes to be con-
tacted) in order thereby to attain a very high resistance between the inner and

outer electrodes.

Fig. 6 shows a schematic illustration of an exemplary projection exposure ap-
paratus which is designed for operation in the EUV and in which the present

invention can be realized.

According to figure 6, an illumination device in a projection exposure apparatus
600 designed for EUV comprises a field facet mirror 603 and a pupil facet mir-
ror 604. The light from a light source unit comprising a plasma light source 601
and a collector mirror 602 is directed onto the field facet mirror 603. A first tele-
scope mirror 605 and a second telescope mirror 606 are arranged in the light
path downstream of the pupil facet mirror 604. A deflection mirror 607 is ar-
ranged downstream in the light path, said deflection mirror directing the radia-
tion that is incident thereon onto an object field in the object plane of a projec-
tion lens comprising six mirrors 651-656. At the location of the object field, a re-
flective structure-bearing mask 621 is arranged on a mask stage 620, said
mask being imaged with the aid of the projection lens into an image plane in
which a substrate 661 coated with a light-sensitive layer (photoresist) is situat-

ed on a wafer stage 660.

Fig. 7 shows a construction possible in principle of a microlithographic projec-

tion exposure apparatus 700 designed for operation in the VUV. The projection
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exposure apparatus 700 comprises an illumination device 710 and a projection
lens 720. The illumination device 710 serves to illuminate a structure-bearing
mask (reticle) 730 with light from a light source unit 701, which for example
comprises an ArF excimer laser for an operating wavelength of 193 nm and a
beam shaping optical unit producing a parallel light beam. The illumination de-
vice 710 comprises an optical unit 711 which, inter alia, comprises a deflection
mirror 712 in the depicted example. The optical unit 711 may comprise for
example a diffractive optical element (DOE) and a zoom-axicon system for
producing different illumination settings (i.e. intensity distributions in a pupil
plane of the illumination device 710). A light mixing device (not depicted here)
is situated in the beam path downstream of the optical unit 711 in the light
propagation direction, which light mixing device may have e.g., in a manner
known per se, an arrangement composed of micro-optical elements which is
suitable for attaining light mixing, and a lens-element group 713, downstream
of which there is a field plane with a reticle masking system (REMA), which is
imaged by a REMA lens 714, disposed downstream in the light propagation
direction, onto the structure-bearing mask (reticle) 730 arranged in a further

field plane and which thereby delimits the illuminated region on the reticle.

By means of the projection lens 720, the structure-bearing mask 730 is imaged
onto a substrate provided with a light-sensitive layer (photoresist) or onto a
wafer 740. In particular, the projection lens 720 may be designed for immersion
operation, in which case an immersion medium is situated upstream of the
wafer, or the light-sensitive layer thereof, in relation to the light propagation
direction. Further, it may have for example a numerical aperture NA greater

than 0.85, in particular greater than 1.1.

In principle, any desired mirror of the projection exposure apparatus 600 and
700 described with reference to Fig. 6 and Fig. 7, respectively, can be config-

ured as an adaptive mirror in the manner according to the invention.
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Even though the invention has been described on the basis of specific embod-
iments, numerous variations and alternative embodiments will be apparent to
the person skilled in the art, for example through combination and/or exchange
of features of individual embodiments. Accordingly, it goes without saying for
the person skilled in the art that such variations and alternative embodiments
are also encompassed by the present invention, and the scope of the invention
is restricted only within the meaning of the appended patent claims and the

equivalents thereof.
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Claims

Mirror, in particular for a microlithographic projection exposure apparatus,

wherein the mirror has an optical effective surface (11, 31), comprising:

a mirror substrate (12, 32);

a reflection layer system (21, 41) for reflecting electromagnetic
radiation that is incident on the optical effective surface (11, 31);

and

at least one piezoelectric layer (16, 36), which is arranged between
the mirror substrate (12, 32) and the reflection layer system (21, 41)
and to which an electric field for producing a locally variable defor-
mation is able to be applied by way of a first electrode arrangement
situated on the side of the piezoelectric layer (16, 36) facing the
reflection layer system (21, 41), and by way of a second electrode
arrangement situated on the side of the piezoelectric layer (16, 36)

facing the mirror substrate (12, 32);

wherein one of said electrode arrangements is assigned a mediator
layer (17, 37, 51, 52, 53, 71) for setting an at least regionally con-
tinuous profile of the electrical potential along the respective elec-

trode arrangement; and

wherein said mediator layer (17, 37, 51, 52, 53, 71) has at least two
mutually electrically insulated regions (17a, 17b, 17c,...; 37a, 37b,
37¢,...).

Mirror according to Claim 1, characterized in that the electrode arrangement

to which the mediator layer (17, 37, 51, 52, 53, 71) is assigned has a plurali-
ty of electrodes (20, 40, 41, 42, 43, 70), to each of which an electrical volt-

age relative to the respective other electrode arrangement (14, 34) is able

to be applied via a lead (19, 39).

Mirror according to Claim 2, characterized in that the mediator layer (17, 37,
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51, 52, 53, 71) is structured for providing a plurality of mutually electrically
insulated regions, wherein said regions are assigned to different electrodes
(20, 40, 41, 42, 43, 70) or different clusters of electrodes (20, 40, 41, 42, 43,
70).

Mirror according to Claim 3, characterized in that this structuring makes
possible an electric current flow across the mediator layer (17, 37, 51, 52,
53, 71) only between directly adjacent electrodes (20, 40, 41, 42, 43, 70).

Mirror according to Claim 3, characterized in that this structuring makes
possible an electric current flow across the mediator layer (17, 37, 51, 52,
53, 71) only between electrodes (20, 40, 41, 42, 43, 70) respectively asso-

ciated with the same cluster.

Mirror according to Claim 5, characterized in that the number of electrodes
in the respective clusters varies across the mediator layer (17, 37, 51, 52,
53, 71).

Mirror according to any of Claims 1 to 6, characterized in that the mutually
electrically insulated regions (17a, 17b, 17c,...) of the mediator layer (17)
are separated from one another by an electrically insulating material situat-
ed between said regions (17a, 17b, 17c,...), in particular silicon dioxide
(SiOy) or Al2Os.

Mirror according to any of Claims 1 to 7, characterized in that the mutually
electrically insulated regions (37a, 37b, 37c,...) of the mediator layer (37)
are separated from one another by a material having an electrical permittivi-

ty e, of more than 1000.

Mirror according to any of Claims 1 to 8, characterized in that the piezoelec-
tric layer (36) extends between the mutually electrically insulated regions
(37a, 37b, 37c,...) of the mediator layer (37).
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Mirror according to any of the preceding claims, characterized in that elec-
trically insulating sections (25, 45) for separating the mutually electrically
insulated regions (17a, 17b, 17c,...; 37a, 37b, 37c,...), in a plane parallel to
the piezoelectric layer (16, 36), have a maximum dimension of less than

10um, in particular less than 2um.

Mirror according to any of Claims 2 to 10, characterized in that a shielding
electrode (72) for at least partly shielding the respective electrical potentials
iIs in each case arranged between different electrodes (70) or different

clusters of electrodes (70).

Mirror according to Claim 11, characterized in that optionally a defined elec-
trical voltage can be applied to said shielding electrode (72) or the latter can

be operated with zero voltage.

Mirror, in particular for a microlithographic projection exposure apparatus,

wherein the mirror has an optical effective surface (11, 31), comprising:
e amirror substrate (12, 32);

o a reflection layer system (21, 41) for reflecting electromagnetic ra-

diation that is incident on the optical effective surface (11, 31); and

o at least one piezoelectric layer (16, 36), which is arranged between
the mirror substrate (12, 32) and the reflection layer system (21, 41)
and to which an electric field for producing a locally variable defor-
mation is able to be applied by way of a first electrode arrangement
situated on the side of the piezoelectric layer (16) facing the reflec-
tion layer system (21), and by way of a second electrode arrange-
ment situated on the side of the piezoelectric layer (16, 36) facing

the mirror substrate (12, 32);

¢ wherein one of said electrode arrangements is assigned a mediator

layer (71) for setting an at least regionally continuous profile of the
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electrical potential along the respective electrode arrangement;

¢ wherein the electrode arrangement to which the mediator layer (71)
is assigned has a plurality of electrodes (70), to each of which an
electrical voltage relative to the respective other electrode arrange-

ment is able to be applied via a lead; and

e wherein a shielding electrode (72) for at least partly shielding the
respective electrical potentials is in each case arranged between

different electrodes (70) or different clusters of electrodes (70).

Mirror according to any of the preceding claims, characterized in that the
material of the mediator layer (17, 37, 51, 52, 53, 71) is selected from the
group containing titanium oxides, gallium nitrides, gallium oxides, aluminium
nitrides, aluminium oxides and also mixed oxides comprising lanthanum
(La), manganese (Mn), cobalt (Co), calcium (Ca), strontium (Sr), iron (Fe),

copper (Cu) or nickel (Ni).

Mirror according to any of the preceding claims, characterized in that the
mirror (10, 30) is designed for an operating wavelength of less than 30 nm,

in particular less than 15 nm.

Mirror according to any of the preceding claims, characterized in that a
locally variable deformation is able to be produced by an electric field being
applied to the piezoelectric layer (16, 36) in such a way that the maximum

deviation from a predefined desired profile is less than 2%.

Mirror according to any of the preceding claims, characterized in that a dis-
tance between the optically used surface of the mirror and the mirror edge

is less than 10 mm, in particular less than 3 mm.

Mirror according to any of the preceding claims, characterized in that the
mediator layer (17, 37) has an average electrical sheet resistance of less
than 10 kQ, in particular less than 5 kQ.
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Mirror according to any of the preceding claims, characterized in that said
mirror is a mirror (10, 30) for a microlithographic projection exposure appa-
ratus (600, 700).

Optical system, in particular an illumination device or a projection lens of a
microlithographic projection exposure apparatus (600, 700), characterized
in that the optical system has a mirror (10, 30) according to any of the pre-

ceding claims.

Microlithographic projection exposure apparatus comprising an illumination
device and a projection lens, characterized in that the projection exposure

apparatus (600, 700) comprises an optical system according to Claim 20.

Method for producing a mirror, wherein the method comprises the following

steps:
e providing a mirror substrate (12, 32);

e applying a piezoelectric layer (16, 36) and also a first and a second
electrode arrangement on the mirror substrate (12, 32), wherein an
electric field for producing a locally variable deformation is able to be
applied to the piezoelectric layer (16, 36) by way of the first electrode
arrangement situated on the side of the piezoelectric layer (16, 36)
facing away from the mirror substrate (12, 32), and by way of the
second electrode arrangement situated on the side of the piezo-

electric layer (16, 36) facing the mirror substrate (12, 32);

e applying a mediator layer (17, 37) for setting an at least regionally
continuous profile of the electrical potential along one of said elec-
trode arrangements in such a way that said mediator layer (17, 37)
has at least two mutually electrically insulated regions (17a, 17b,
17c,...; 37a, 37b, 37c¢,...); and

e applying a reflection layer stack (21, 41) for reflecting electromagnet-
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ic radiation having an operating wavelength that is incident on the

optical effective surface (11, 31).

23. Method according to Claim 22, characterized in that the step of applying the
mediator layer (17, 37) comprises structuring the mediator layer, wherein

said structuring is carried out lithographically or using laser ablation.
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