wo 2032/200528 A1 I 10KV 000 OO

(19) World Intellectual Property Organization

(12) INTERNATIONAL

APPLICATION

(ZlPo>>

International Bureau !

(43) International Publication Date

PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) Internatjonal Publication Number

5 January 2012 (05.01.2012) PCT WO 2012/000s28 At
(51) International Patent Classification: AOQ, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
GO3F 7/20 (2006.01) CA, CH, CL, CN, CO, CR, CU, Cz, DE, DK, DM, DO,
. o Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
PCT/EP2010/003974 KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(22) International Filing Date: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
1July 2010 (01 .07.2010) NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
) SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(25) Filing Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (g4) Designated States (unless otherwise indicated, for every
(71) Applicant (for all designated States except US: CARL kind d regional protection available): ARIPO (BW, GH,
ZEISS SMT GMBH [DE/DE]; Rudolf Eber Strasse 2, GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
73447 Oberkochen (DE). ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors, and EE, ES, Fl, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
(75) Inventorg/Applicants  (for US only): FIOLKA, Damian LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, K,
[DE/DE]; Einsteinstr. 25, 73447 Oberkochen (DE). SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
BAIER, Jiirgen [DE/DE]; Sonnenbergstr. 4, 73447 GW, ML, MR, NE, SN, TD, TG).
Oberkochen (DE). )
. Declarations under Rule 4.17 :
(74) Agents. SCHWANHAUSSER, Gemot et al; Ostertag &

(81)

Partner, Patentanwalte, Epplestr.
(DE).

14, 70597 Stuttgart

Designated States (unless otherwise indicated, for every
kind d national protection available): AE, AG, AL, AM,

d inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title OPTICAL SYSTEM AND MULTI FACET MIRROR

32' 32"

4

3™

L

26

36

F~
=]

% 7/ Z
7/
éé % 7 ///////ﬁé 28
= = = \\
54 47
s i
56 ﬂ 48' ﬂ 48"

46

Fig. 4

(57) Abstract: An optical system of amicrolithographic projection exposure apparatus comprises amulti facet mirror (26) having
a support plate (28) and aplurality of mirror facets (32). Each mirror facet comprises amirror substrate (34) and areflective coat-
ing (36) applied thereon, and is attached to the support plate (28). Actuators (48) are provided that induce a deformation of the
support plate (28). The deformation necessarily changes the orientation and/or position, but not the shape, of at least two mirror
facets (32). In this way aberrations can be corrected.



10

15

20

WO 2012/000528 PCT/EP2010/003974

OPTI CAL SYSTEM AND MULTI FACET M RROR

BACKGROUND OF THE | NVENTI ON
1. Field of the Invention

The invention generally relates to an optical system in par-
ticular to an illumnation system or a projection objective,
of a mcrolithographic projection exposure apparatus. The in-
vention further relates to nmulti facet mrror which is con-

figured to be nounted in such an apparatus.
2. Description of Related Art

M crolithography (also referred to as photolithography or
sinmply lithography) is a technology for the fabrication of
integrated circuits, liquid crystal displays and other mcro-
structured devices. The process of mcrolithography, in con-
junction with the process of etching, is used to produce pat-
terns in thin film stacks that have been forned on a sub-
strate, for exanple a silicon wafer. At each |ayer of the
fabrication, the wafer is first coated with a photoresist
which is a material that is sensitive to electronagnet radia-
tion. Next, the wafer with the photoresist on top is exposed

to projection light through a mask in a projection exposure

apparatus. The mask contains a circuit pattern to be pro-
jected onto the photoresist. After exposure the photoresist
is devel oped to produce an inmge corresponding to the circuit
pattern contained in the mask. Then an etch process transfers
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the circuit pattern into the thin film stacks on the wafer.
Finally, the photoresist is renoved. Repetition of this proc-
ess with different nmasks results in a nulti-layered mcro-

structured conponent .

A projection exposure apparatus generally conmprises an illu-
m nation system a mask alignnent stage for aligning the
mask, a projection objective (sonmetines also referred to as
‘"the lens') and a wafer alignnent stage for aligning the wa-
fer coated with the photoresist. The projection objective im
ages, usually at a reduced scale, the circuit pattern, which
is contained in the mask and illumnated by the illumnation

system on the photoresist.

One of the main ains in the devel opment of projection expo-
sure apparatus is to be able to lithographically define fea-
tures with smaller and smaller dinmensions on the wafer. Small

features lead to a high integration density, which generally

" has a favorable effect on the performance of the mcrostruc-

tured conponents that are produced with the aid of such appa-

ratus .

The mnimum size of the features that can be lithographically
defined is approximately proportional to the wavelength of
the projection light. Therefore the manufacturers of such ap-
paratus strive to use projection |Ilight having shorter and
shorter wavel engths. The shortest wavelengths currently used
are 248 nm 193 nm and 157 nm and thus lie in the deep ultra-

violet (DUv) or vacuum ultraviol et (VW) spectral range.

The next generation of comercially available apparatus wll
use projection light having an even shorter wavelength of
about 13.4 nm which. is in the extrenme ultraviolet (EW) spec-
tral range. Because there are no optical materials available
that are transparent for EUV light, it is not possible to use

| enses or other refractive optical elements in such an appa-
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ratus . Instead, the optical systenms of such an apparatus have
to be catoptric, which neans that all optical elenents (in-
cluding the nmask) have to be reflective.

The illum nation system of an EUV projection exposure appara-
tus usually conprises one or nore mnulti facet mrrors. Some-
times one nulti facet mrror is provided that is used to de-
termine the intensity d'istribution in a pupil surface of the
illumnation system This intensity distribution, in turn,
determnes from which direction EUV projection Iight inpinges
on the mask. Another nulti facet mrror is used to produce a
plurality of secondary |ight sources that commonly illum nate
the mask. In principle, a multi facet mrror may also be used
in the projection objective, for exanple at a position in or
in close proximty to a pupil surface.

A multi facet mrror usually contains a support plate to
which the individual mrror facets are attached. Depending on
the application of the nmulti facet mrror, the individual
mrror facets may be first adjusted on the support plate and
then fixedly attached to it, for exanple by soldering. O her
multi facet mrrors conprise mrror facets which can be ad-
justed at any tine with the help of actuators. Such a nulti
facet mrror is described in US 2005/0030653 Al .

However, nulti facet mrrors are not only used in EUV projec-
tion exposure apparatus, but also in the illum nation systens
of DUV or VWV apparatus. In such systens the multi facet mir-
rors can be freely tilted about two orthogonal tilt axes and
are used to define the intensity distribution in a pupil sur-
face of the illumnation system Several enbodinments of such
amulti facet mirror are described in WO 2005/026843 Al .

In a microlithographic proj ection exposure apparatus there is
sometinmes a need to slightly nodify the optical properties of
the nulti facet mrror. For exanple, an optical system of the
apparatus may suffer from reversible or irreversible degrada-
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tions which often conpromise the overall performance of the
apparatus. In such cases it would be desirable to be able to

nodify the optical properties of the multi facet mrror so
that a corrective effect is achieved.

The optical properties of nulti facet nirror are determni ned
by the optical properties of the mrror facets, and these, in
turn, are mainly determined by their curvature, orientation

and position.

For changing the orientation of the mirror facets it has been
proposed to provide each mrror facet with one or nore actua-
tors so that the mirror facets can be noved, and in particu-
lar tilted, individually. However, providing all mrror fac-
ets with actuators is costly and increases the system com-
plexity considerably. Even if the mrror facets are provided
with such actuators anyway, it is sonetines very difficult to
produce with these actuators mnute - but extrenely accurate

- changes of the orientation of the mrror facets.

Thus there is a need to provide an optical system of a mcro-
lithographic projection exposure apparatus conprising a nulti
facet mrror that can be used for correcting optical aberra-

tions.

Qutside the field of microlithography multi facet mrrors are
sonetines wused that have individual mrror facets which are

either in an "on" or an "off" state. Such multi facet mrrors
are often referred to as digital mcro-mrror device (DWVD)
and may be realized as micro-electric nmechanical system
(MEMS) . For such a DVMD it has been proposed in US

2007/ 0297042 Al to attach the' individual mrror facets on a
common thin support menmbrane that rests on a plurality of
posts arranged between the mirror facets. Goups of four
posts define the corners of rectangular nenbrane portions,
and to each nenbrane portion one mrror facet is attached. By

deforming the menbrane portions wth the help of actuators it
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is possible to displace the mrror facets attached to it. The
actuators are configured in such a manner that the nmenbrane
has only two stable configurations which correspond to the
"on" and "off" state of the attached mrror facet.

A simlar DvD, but with individual nenbranes for each mrror
facet, is described in WO 2009/060906 Al .

In optical systens of mcrolithographic projection exposure
apparatus DMDs usually cannot be used, because there is no
need for a digital switching of light beans. Apart from that
such apparatus have extrenely tight specifications wth re-
gard to the optical properties (curvature, position, orienta-
tion) of the mrror facets, and these specifications are usu-
ally not met by DMDs.

SUMVARY OF THE | NVENTI ON

The object stated further above is achieved, in accordance
with the present invention, by an optical system of a micro-
lithographic projection exposure apparatus, wherein the opti-
cal system conprises a multi facet mrror. The nmulti facet
mrror conprises a support plate and a plurality of mrror
facets. Each mrror facet conprises a mrror substrate and a
reflective coating applied thereon, and is attached to the
support plate. The nulti facet mrror further conprises at

| east one actuator that is configured to induce a defornmation
of the support plate. Each deformation induced by the at

| east one actuator necessarily changes the relative orienta-
tion and/or the position of at least two mrror facets with-

out changing their shape.

The invention is based on the perception that it is sonmetines
not only sinpler, but also nore accurate to deform the sup-
port plate so that many spatially distributed mrror facets
are noved sinultaneously, instead of changing the orientation
and/or position of the mrror facets individually. Mving two
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or nore spatially distributed mrror facets in one go is ef=
fective because there are many causes of optical aberrations
that are spatially distributed, too. For exanple, if a mrror
in an illumnation system changes his curvature as a result
of a tenperature change, this usually causes an aberration.
For correcting this aberration, it generally does not suffice
to move a single mrror facet. Instead, it will be necessary
to (slightly) nove a plurality of mrror facets that are spa-
tially distributed over a certain area of the support plate.

Sonetimes the aberration to be corrected is caused by an un-
desired deformation of the support plate itself. Qoviously it
is then the nost straightforward approach to conpensate this
deformation by a suitable counter-deformation that is pro-
duced with the help of the at |east one actuator.

Even if the optical system conprises facet actuators that are
configured to change the orientation and/or position of the
mrror facets individually with respect to the support plate,
the invention has its nmerits. By deformng the support plate
it is possible to produce changes of the orientation and/or
position of the mirror facets with a very high accuracy. For
exanple, tilt angles of only a few mcrorad may be achieved
if the support plate is deformed. If facet actuators are used
to change the orientation and/or position of the mrror fac-
ets individually, the accuracy is usually about two or three
orders of nmagnitude smaller.

In the context of the present invention the orientation of a
mrror facet describes how it is aligned to the space it is
in. The orientation is usually given relative to a. frane of
reference, which may be specified by a Cartesian coordinate
system and by indicating the rotations that would nove the
body from a base or starting orientation to its current ori-
entation. Thus an orientation in the present sense may be de-
scribed by a set of three rotational angles and a base of co-
ordinate axes. The term position is used in the context of
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the present application to denote the coordinates of a spe-
cific point of a mrror facet in said frane of reference.
Thus a position 1in the present sense nmay be described by a
set of three Cartesian coordinates and a base of coordinate
axes. Therefore the orientation and the position of a mrror

facet comonly describe how it is placed in space.

An actuator in the sense of the present invention is a me-
chanical device that takes energy and converts that into sone

kind of notion.

I n one enbodi nent the at least one actuator is configured to
i nduce a continuous range of different def ormati ons of the
support plate. Then also a continuous range of different ab-

errations can be corrected wth the help of the multi facet

mrror. However, there rm{y be rare cases where there is only
a single specific aberration that requires correction, for
exanple i f a particular illumnation setting is used. Then it
may suffice if the at |east one actuator i s capable of induc-
ing only one deformtion, or a discrete and restricted nunber
of different def ormat i ons, of the support plate.

If the mrror facets are fixedly attached to the support

plate in such a manner that they cannot be adjusted wth re-
spect to the support plate, the orientation and/or position

of the mrror facets can only be changed wth the help of the
at |least one actuator. In such a constellation the invention
enables a common fine adjustnent of all or at least a group

of mrror facets. Of course, in contrast t o an i ndividual ad- -

justment of the mrror facets, the changes of the orientation

and/or position of the mrror facets wll be linked to sone
ext ent

According to the invention, the deformation of the support
plate shall not affect the shape of the mrror facets. Here
the term shape denotes geonetrical quantities such as size

and curvature of the mrror facets, but not orientation and
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position. One approach to avoid any inpact of the support

pl ate deformations on the shape of the mrror facets is to
provide a gap which remains between a portion of the mrror
substrate and the support plate. For exanple, the mrror
facet may be connected to the support plate only via a small
structure, in particular a small pin that has a cross-
sectional area which is smaller than one half of the surface
covered by the reflective coating, and preferably smaller
than one fifth of this surface. However, even w thout such
gaps the inpact of support plate deformations on the shape of
the mirror facets will often be negligible. This is because
under real conditions the deformations of the suppokt pl at e
are significant only over an area that is much larger than
the area of a single mrror facet.

In one enbodinent the at |east one actuator is configured to
produce tensile and/or pressure forces on the support plate.
In principle, however, also shear forces may be applied to
the support plate if they can cause its defornation.

In another enbodi ment the at |east one actuator conprises a
connector elenent which is connected to the support plate, a
di spl acenent elenment having a length that is variable by sup-
plying energy to the displacenent elenment, and a resilient
nmenber that is arranged between the connector elenent and the
di spl acenent elenent. The displacenent elenent may be forned
by a piezo electric elenent, for exanple. The resilient mem-
ber should have a sufficiently high stiffness so that the
forces produced by the displacenent elenent are properly
transferred to the connector elenent. The provision of a re-
silient menber is advantageous because it makes it possible

t o produce preéi sely defined elastic forces that are used to
deform the support plate. '

I n anot her enbodi ment the support plate has a top surface,
over which the facet nenbers are distributed, and a bottom
surface to which the at |east one actuator is connected. Such
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a configuration is particularly wuseful if the support plate
is originally flat and shall be bended. In other enbodinents
the support plate has a circunferential surface to which the
at least one actuator is connected. Particularly if the sup-
port plate is originally convexly or concavely curved, forces
produced by actuators acting on the circunferential surface
may be used to nodify the curvature of the support plate.
However, (additional) connectors that act on the circumferen-
tial surface may also be used to produce translational dis-
pl acenents of the support plate parallel to its surface.

According to still another enbodinent the optical system com-
prises a neasurenent system which is configured to neasure
the orientations of the mrror facets individually. The opti-
cal system of this enbodinment further conprises a control

unit for controlling the at |east one actuator depending on
the orientations of the mrror facets that have been neasured
by the neasurenment system

Such an optical system is particularly advantageous if the
optical properties of the nmulti facet mrror shall be noni-
tored during intervals between subsequent exposures or even
during exposures. Then also transient aberrations, as they
may be caused by changing heat distributions in optical ele-
nments, by an exchange of the mask, by changes of the il umi -
nation setting or by drift novenents of optical elenents, can
be effectively corrected at least to sone ext ent .

The measurenent system nmay conprise a light source that is
configured to direct a light beam on at |east one mrror
facet and a detector that is configured to detect the direc-
tion of the light beam after it has been reflected by the at
| east one mirror facet. Simlar neasurenent systens are- known
for multi facet mrrors that are used in the illum nation
system of DUV or VUV projection exposure apparatus for varia-
bly illumnating a pupil surface.
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The optical system may be an illumnation system of the pro-
jection exposure apparatus. However, in principle the multi
mrror facet may also be arranged in a projection objective

of the apparatus if it is arranged sufficiently far away from
one of its field planes. The apparatus may be an EUV appara-
tus, but also apparatus for |onger wavel engths, for exanple
in the DUV or VU spectral range, are envisaged.

According to a second aspect of the invention, the object
stated further above is achieved by an optical system of a
m crolithographic projection exposure apparatus, wherein the
optical system 'corrprises a multi facet mrror. The nulti
facet mrror conprises a support plate and a plurality of
mrror facets. Each mirror facet conprises a mrror substrate
and a reflective coating applied thereon, and is attached to
the support plate. The multi facet mrror further conprises
at | east one actuator that is configured to induce a deforma-
tion of the support plate. The at |east one actuator is con-
figured to induce a continuous range of different deforma-
tions of the support plate.

Subj ect of the present invention is also a nulti facet mrror
which is configured to be nounted in a mcrolithographic pro-
jection exposure apparatus. The nulti facet mirror conprises
a support plate and a plurality of mrror facets. Each mrror
facet conprises a mrror substrate and a reflective coating
applied thereon and is attached to the support plate. At

| east one actuator is provided that is configured to induce a
deformation of the support plate. This deformation induced by
the at |east one actuator necessarily changes the orientation
and/or position, but not the shape, of at least two mirror

f acets.
BRI EF DESCRI PTI ON OF THE DRAW NGS

Various features and advantages of the present invention may
be nore readily understood wth reference to the follow ng.
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detail ed description taken in conjunction wth the accompany-
ing drawing in which:

FIG 1 is a perspective schematic view of an EUV m cro-
Il ithographic projection exposure apparatus in ac-

cordance with the present invention;

FIG. 2 is a sinplified perspective view of a nmulti facet
mrror according to one enbodinment of the present
invention conprising mrror facets that are at-

tached to a support plate;

FIG 3 is a partial cross-section through the nulti facet
mrror shown in FIG 2 and through actuators used
to deform the support plate;

FIG 4 is a cross-section similar to FIG. 3, but with some
of the actuators being in a different operating
state so that the support plate is deformed;

FIG 5 is a cross-section simlar to FIG 3 according to
anot her enbodiment in which actuators also act on a
circunferential surface of the support plate;

FIG 6 is a cross-section simlar to FIG 3 according to
still another enbodinment in which additional facet
actuators are provided to tilt the mrror facets
i ndi vi dual | y;

FIG 7 is a schematic cross-section simlar to FIG 3 ac-
cording to another enbodinment of the invention in
whi ch a neasurenment system which neasures the ori-
entation of the mrror facets, is part of a closed
control loop for controlling the actuators.
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DESCRI PTI ON OF PREFERRED ENMBODI MENTS

I
Ceneral Construction of Projection Exposure Apparatus

FIG 1 is a perspective and highly sinplified view of a EUW
proj ection exposure apparatus 10 in accordance wth the pre-
sent invention. The apparatus 10 conprises an illum nation
system 12 which produces a projection Ilight beam 13 having a
wavel ength in the EUV spectral range, for exanple 13.4 nm
The projection light beam illumnates from below a field 14
on a mask 16 which contains on its underside a reflective

pattern 18 formed by a plurality of small features. In this
enbodinent the illumnated field 14 has the shape of a ring
segnment . '

A projection objective 20 inmages the pattern 18 wthin the
illumnpnated field 14 onto a light sensitive |ayer 22, for ex-
anpl e a photoresist, which is supported by a substrate 24.
The substrate 24, which may be fornmed 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

i mage plane of the projection objective 20. The mask 16 is
positioned by means of a mask stage (not shown) in an object
pl ane of the projection objective 20. Since the latter has a
magni fication P with |B|<1, a mnified inmge 14 of the pat-
tern 18 within the illumnated field 14 is projected onto the
[ight sensitive |ayer 22.

Because there are no optical materials available that are
transparent for the EUV projection light beam 13, it is not
possible to use lenses or other refractive optical elenents
in the apparatus 10. Instead, the illumnation system 12 and
the projection objective 20 contain only nirrors as optical
el ements (apart from stops). Also the mask 16 is reflective.
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During the projection the mask 16 and the substrate 24 nove
along a scan direction which coincides with the Y direction
indicated in FIG 1. The illumnated field 14 then scans over
the mask 16 so that patterned areas larger than the illum -
nated field 14 can be continuously projected. The ratio be-
tween the velocities of the substrate 24 and the mask 16 is
equal to the magnification [ of the projection objective 20.
If the projection objective 20 inverts the image (f<0), the
mask 16 and the substrate 24 nove in opposite directions, as
this is indicated in FIG 1 by arrows Al and A2.

However, the present invention may also be used in stepper
tools in which the mask 16 and the substrate 24 do not nove
during projection of the mask, or in DUV or VUV projection
exposure apparatus containing |enses and other refractive op-
tical elenents.

.
Multi Facet Mrror

The illumnnation systens of DUV or VUV projection exposure
apparatus often contain fly's eyes |enses or other optical
raster elenments. In EW iIIum'»nation systens the task of op-
tical raster elenents is. taken over by multi facet mrrors
conprising a plurality of small m'rror facets.

FIG 2 is a perspective view of a multi facet mrror con-
tained in the illumnation system 12 and denoted in its en-
tirety by 26. The multi facet mrror 26 conprises a support
plate 28 which supports on its top surface 30 a plurality of
mrror facets 32. In this enbodinent the mrror facets 32
have different orientations so that parallel 1ight inpinging
on the mrror facets 32 is reflected into different direc-
tions depending on the mrror facet 32 on which the light im-
pinges. It should be noted that in a real nulti facet mrror
26 the density of the mrror facets 32 may be much hi gher so
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that the total area of the nmulti facet mrror 26 which is not
reflective is mnimzed.

In this enbodi nent the support plate 28 has plane and paral -
lel surfaces and is nade of steel. However, other shapes and

other materials are envisaged as well.

FIG 3 is a sinplified partial cross section through the
multi facet mrror 26 and further conmponents that wll be ex-
plained in nore detail below

Each mrror facet 32 conprises a mrror substrate 34 and a
reflective coating 36 applied thereon. Thé mrror substrate
34 is connected to a pin 38 which is guided through a bore 40
extendi ng through the support plate 28. The pin 38 supporting
the mrror substrate 34 is fixed to the support plate 28 by

fixing means 41 which are attached to a bottom surface 42 of

the support plate 28. The length of the pin 38 is selected
such that a small gap 39 remains between the mirror substrate
34 and the top surface 30 of the support plate 28.

In a plane parallel to the top surface 30 of the support
plate 28 a plurality of channels 44 extend through the sup-
port plate 28. During operation of the apparatus 10 a cooling
fluid flows through the channels 44 so as to maintain a con-
stant tenperature distribution within the support plate 28.
Tenperature stabilization is an issue in such a multi facet
mrror 26 because a significant portion of the projection
light is not reflected by the reflective coating 38, but 'ab—
sorbed by the mrror facets 32. The heat resulting fromthis
absorption is mainly conducted via the pins 38 into the sup-
port plate 28. If the tenperature distribution within the
support plate 28 is not kept constant, the support plate 28
will eventually warp and thereby change the orientation of
the mrror facets 32. This wll result in aberrations that
eventually conprom se the imaging of the pattern 18.
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Between a support structure 46, which is significantly nore
rigid than the support plate 28, and a bottom surface 47 of
the support plate 28 a plurality of actuators 48 extend. |In
this enmbodinent a top surface 50 of the rigid support struc-
ture 46 is arranged parallel to the bottom surface 47 so that
the distance between the two surfaces 47, 50 is approximtely
uniform Along a circunferential region the support plate 28
rests directly on the rigid support structure 46 (not shown)
so that the actuators 48 do not support the weight of the
support plate 28 and of the mrror facets 32 attached to it.

Each actuator 48 conprises a connector element 52 which is
connected to the bottom surface 47 of the support plate 28.
The connector elenent 52 is connected via a resilient nenber
54 to a displacenent nenber 56 whose length can be varied by
supplying energy to the displacement elenment 56. The dis-

pl acenent elenment 56 may conprise one or nore stacks of

pi ezo-el ectric elenents, or may be fornmed by a small hydrau-
lic circuit that enables the axial length of the displacenent
element 56 to be varied. In this enbodiment it is assuned
that in a neutral state, as it is shown in FIG 3, neither
tensile nor pressure forces are exerted by the actuators 48
on the support plate 28. '

If the length of sonme or all displacenent elenents 56 is
changed, also the forces which are present between the rigid

support structure 46 and the support plate 28 will vary. More
specifically, if the length of the displacenent elenment 56 is
increased from the neutral state, a pressure force wll be

exerted on the support plate 28, and if the |ength decreases,
a tensile force is produced.

This is shown in FIG 4 which is identical to FIG 3 except
that two of the actuators denoted by 48 and 48'' have been
operated. The actuator 48 has increased its |ength, whereas
the actuator 48'' has decreased its length, as it is indi-
cated by arrows in FIG 4. As a result of the pressure force
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exerted by the actuator 48 and the tensile force exerted by
the actuator 48'', and also because the support structure 46
is much nore rigid than the support plate 28, the latter is
deformed from its original state so that the top surface 30
and the bottom surface 47 are not plane anynore, at least in
the vicinity of the two actuators 48 and 48''.

Since the mrror facets 32 are rigidly connected to the sup-
port plate 28, the deformation of the support plate 28 is
transferred to the mrror facets 32. As a result of this, the
orientation of the mrror facets 32 changes, as it is indi-
cated for three mrror facets 32', 32'' and 32''' in FIG 4.
The rotation of the mrror facets 32', 32'', 32'"'' which
causes this change of orientation, nay be acconpanied by a
(small) positional change, i.e. a small translational raove-
nment . Depending on the operation of the actuators 48, it may
also be possible that at least some mirror facets 32 mainly
change their position, but not or only slightly change their

orientation

However, the shape of the mrror substrate 34 (and thus also
of the reflective coating 36 applied thereon) is not changed
by the deformation of the support plate 28. This is partly
due to the fact that the mrror substrates 34 of the mrror
facets 32 are attached to the top surface 30 of the support
plate 28 via the pins 38. The gaps 39 have the effect that
forces produced by the actuators 48 can be transferred to the
mrror substrates 34 only via the pins 38 However, such
forces my at nost have the effect that the pins 38 are bent
or sheared, but this does not have any inpact on the shape of
the mrror substrates 34 supported by the pins 38.

The ability of the nmulti facet mrror 26 to nodify the orien-
tation and/or position of the mrror facets 32 may be used to
conpensate an undesired deformation of the support plate 28.
For exanple, the support plate 28 has to be fixed to the
rigid support structure 46 or any other rigid structure of
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the illumnation system 12. Then forces may be exerted on the
support plate 28 which are difficult to be controlled, and
such forces may ultimately result in slight and undesired de-
formations of the support plate 28. Another cause of unde-
sired deformations of the support plate 28 are changes of the
tenperature distribution, as it has been explained further

above.

However, the ability of the nulti facet mrror 26 to nodify
the orientation and/or position of the mrror facets 32 can
be used nore generally to correct aberrations in the illum -
nation system 12, including transient aberrations that depend
on the operating conditions of the apparatus 10. Once the ab-
errations are determned, and assum ng that these aberrations
can be reduced by a suitable change of the orientation and/or
position of the mrror facets 32, the actuators 48 may be
controlled in such a way that the aberrations are reduced.

1.
Al ternative Enbodi nents

FIG 5 is a cross section simlar to FIG 3 of an alternative
enbodinment. In this enbodinment actuators 48 are not only pro-
vided between the rigid support structure 46 and the bottom
surface 47 of the support plate 28, but also between a per-
pendi cular rigid support structure 46' and a circunferenti al
surface 60 of the support plate 28. An actuator 48 producing
pressure or tensile forces on such a circunferential surface
60 is particularly wuseful if the support plate 28 is in its
original neutral state not plane, but is convexly or con-
cavely curved, as it is shown in FIG 5. Then forces exerted
on a circum‘eréntial surface 60 can be used to change the
curvature of the support plate 28.

Generally the addition of another direction along which pres-
sure or tensile forces can be exerted on the support plate 28
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i ncreases the possible range of deformations that may be pro-
duced in the support plate 28.

FIG 6 is a cross-section simlar to FIG 3 of an enbodi nent
of the present invention in which the nulti facet mrror 26
is provided with a plurality of facet actuators that are con-
figured to change the orientation of the mirror facets 32
Wth respect to the support plate 28 individually. To this
end each of the mrror facets 32 has a truncated ball-shaped
body portion 62 having a flat or curved area on which the re-
flective coating 36 is applied. Fromthis body portion 62 an
actuating pin 66 extends that has a longitudinal axis which
coincides with an axis of symetry of the ball-shaped body
portion 62.

The support plate 28 of this enbodinment is provided with a
plurality of bores 68. Each bore 68 wi dens towards the upper
surface of the support plate 28 into a truncated cone 70. The
recess fornmed by this cone 70 serves as a socket for the

bal | -shaped body portion 62 of the associated mrror facet
32. The actuating pin 66 extends through the cone 70 and the
bore 68 and projects from the bottom surface 47 of the sup-
port plate 28. The projecting portion of each actuating pin
66 is connected to a facet actuator 72 which is configured to
nmove the actuating pin 66. These novenents are transferred
into tilt novenents of the body portion 62 of the mrror

facet 32. Further details with regard to the mrror facets 32
and the facet actuators 72 shown in FIG 6 can be gl eaned
from US 2005/ 0030653 Al .

Wth the help of the facet actuators 72 it is possible to
tilt the associated mrror facet 32 within a range of several
degrees. The accuracy of this tilting novenent, however, is
restricted usually to a few nrad.

If the orientation of the mrror facets 32 has been slightly
changed, for exanple as a result of a small deformation of
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the support plate 28, it is difficult to readjust the indi-
vidual mrror facets 32 with the help of the facet actuators
72 with the required accuracy. This is because such changes
of the orientations may be in the range of a few prad, and
such mnute angles cannot be accurately set by the mrror
facets .

However, wth the help of the actuators 48 that deform the
support plate 28 it is possible to accurately induce such
smal | changes of the orientations of the mrror facets 32.

FIG 7 is a schematic view of an enbodinent in which the ac-
tuators 48 form part of a closed |loop control circuit. The
control <circuit conprises a neasurenent system 80 which is
configured to neasure the orientations of the mrror facets
32 individually. To this end the neasurenent system 80 com
prises a plurality of light sources 82 which may be config-
ured as infrared (IR LEDs. Each light source 82 directs an
IR I'ight beam on one of the mrror facets 32. These |ight
beans do not interfere with the projection light 13 indicated
by arrows .

The neasurenent system 80 further conprises a detector 84
that is configured to detect the direction of the |ight beans
after they have been reflected by the mrror facets 32. To
this end the detector 84 conprises a lens 86 and an inage
sensor 88 which is arranged in a focal plane of the |ens 86.
The lens 86 transforns the directions of the reflected 1ight
beans into locations on the inmage sensor 88. The inage sensor
88 is connected to a control wunit 90 that controls the actua-
tors 48 and also the light sources 82. The control unit 90
determnes the orientations of the mrror facets 32 by eval u-
ating where on the inage sensor 88 the reflected I|ight beans
produced by the light sources 82 inpinge. The control wunit 90
is able to determine which signal produced on the imge sen-
sor 88 is associated with a particular mrror facet 32. To
this end various nultiplexing schemes may be used, for exam
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pie tinme division, anplitude division, frequency division or
code division nmultiplexing. Further details with regard to

t he nmeasurenent system 80 and alternative enbodinents for
such a neasurenent system can be gleaned from US 2010/ 0039629
Al .

The control unit 90 conpares the orientations of the mrror
facets 32 neasured with the help of the neasurenment system 80
with target values which may have been provided by an overal
system control. |f these neasured values for the orientation
of the mrror facets 32 differ too nuch fromthe correspond-
ing target values, the control unit 90 controls the actuators
48 depending on the orientations of the mrror facets 32 that
have been neasured by the neasurenent system 80. Mdre par-
ticularly, the control unit 90 determ nes which of the actua-
tors 48 have to be operated, and to which extent the dis-

pl acenment elenments 56 contained therein have to change their

l ength. The operation of the selected actuators 48 results in
a deformation of the support plate 28 and also in a change of
the orientation and/or position of at |east sone of the mir-
ror facets 32. A closed-loop circuit is established so that
the deformation of the support plate 28 is changed again if
the neasured values for the mrror facet orientation are

still not sufficiently close to the corresponding target val-
ues .
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An optical system of a mcrolithographic projection ex-
posure apparatus, wherein the optical system conprises
a multi facet mrror (26) conprising

a) a support plate (28),

b) a plurality of mrror facets (32), wherein each
mrror facet

- conprises a mrror substrate (34) and a re-
flective coating (36) applied thereon, and

- is attached to the support plate (28),

c) at least one actuator (48 that is configured to
i nduce a deformation of the support plate (28),
wherein each deformation induced by the at |east
one actuator (48) necessarily changes the rel a-
tive orientation and/or the position of at |east
two mrror facets (32) wthout changing their
shape .

The optical system of claim 1, conprising facet actua-
tors (72) , wherein the facet actuators (72) are config-
ured to change the orientation and/or -position of the
mrror facets (32) with respect to the support plate
(28) individually.

The optical system of claim 1, wherein the mrror fac-
ets (32) are fixedly attached to the support plate (28)
in such a manner that they cannot be adjusted with re-
spect to the support plate (28).

The optical system of any of the preceding cl ai ns,
wherein the at |east one actuator (48) is configured to
i nduce a continuous range of different deformations of
the support plate (28).
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The optical system of any of the preceding clains,
wherein a gap (39) remains between a portion of the
mrror substrate (34) and the support plate (28).

The optical system of any of the preceding clains,
wherein the at |east one actuator (48) is configured to
produce tensile and/or pressure forces on the support

pl ate (28)

The optical system of any of the preceding clains,
wherein the at |east one actuator (48) conprises a con-
nector elenent (52) which is connected to the support
plate (28), a displacenment elenent (56) having a length
that is variable by supplying energy to the displace-
ment elenment (56), and a resilient menber (54) that is
arranged between the connector elenment (52) and the

di spl acenent el enment (56).

The optical system of any of the preceding clains,
wherein the support plate (28 has a top surface (30)
over which the mrror facets (32) are distributed and a
bottom surface (47) to which the at |east one actuator
(48) i s connect ed.

The optical system of any of the preceding clains,
wherein the support plate (28 has a circunferenti al
surface (60) to which the at |east one actuator (48) is

connect ed.

The optical system of claim 9, wherein the support
plate (28 in FIG 5) is convexly or concavely curved
when the at |east one actuator (48) is not operated.

The optical system of any of the preceding claims, com-
prising
a) a nmeasurenent system (80) which is configured to

measure the orientations of the mrror facets
(32) individually,
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b) a control wunit (90) for controlling the at |east
one actuator (48), wherein the control unit is
configured to control the at |east one actuator
depending on the orientations of the mrror fac-
ets (32) that have be neasured by the neasurenent
system (80)

The optical system of claim 11, wherein the neasurenent
system (80) conprises a light source (82) that is con-
figured to direct a light beam on at |east one mrror
facet (32) and a detector (94) that is configured to
detect the direction of the light beam after it has
been reflected by the at least one mrror facet (32).

The optical system of any of the preceding clains,
wherein the optical systemis an illumnation system
(12) of the projection exposure apparatus (10)

A multi facet mrror (26) which is configured to be
mounted in a mcrolithographic projection exposure ap-
paratus (10), wherein the nmulti facet mrror conprises

a) a support plate (28),

b) a plurality of mrror facets (32), wherein each
mrror facet (32)

- conprises a mrror substrate (34) and a re-
flective coating (36) applied thereon and

- is attached to the support plate (28),

c) at | east one actuator (48) that is configured to
i nduce a deformation of the support plate (28),
wherein each deformation induced by the at | east
one actuator (48) necessarily changes the rela-
tive orientation and/or the position of at Ieast-
two mrror facets (32) w thout changing their
shape .
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