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(54) Title: METHODS AND DEVICES FOR DRIVING MICROMIRRORS

(57) Abstract: A micromirror (24) of a micromirror array (22) in an illu-
mination system (10) of a microlithographic projection exposure appara-
tus can be tilted through a respective tilt angle (ox, 0y) about two tilt axes
(%, ¥). The micromirror (24) is assigned three actuators (E1, Ez, E3) which
can respectively be driven by control signals (U;, U, Us) in order to tilt
the micromirror (24) about the two tilt axes (X, y). Two control variables
(SGy, SGy) are specified, each of which is assigned to one tilt axis (%, y)
and which are both assigned to unperturbed tilt angles (ox, 0y). For any
desired combinations of the two control variables (SGy, SGy), as a func-
tion of the two control variables (SGx, SGy), one (E1) of the three actua-
tors is selected and its control signal (U;) is set to a constant value, in par-
ticular zero. The control signals (U, U, Us) are determined so that, when
the control signals (Ui, Us, Us) are applied to the other two actuators (E,,
E3), the micromirror (24) adopts the unperturbed tilt angles (ox, ay) as a
function of the two control variables (SGy, SGy).
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METHODS AND DEVICES FOR DRIVING MICROMIRRORS

BACKGROUND OF THE INVENTION
1. Field of the Invention

The invention relates to methods and devices for driving mi-

cromirrors, which are used in an illumination system of a mi-
crolithographic projection éxposure apparatus in order to in-
fluence the illumination angle distribution of the projection

light.
2. Description of the Prior Art

The use of so-called multi-mirror arrays (MMAs, also referred
to as micromirror arrays or micromirror matrices), which com-
prise a multiplicity of individually drivable micromirrors,
has recently been envisaged for illumination systems of mi-
crolithographic projection exposure apparatus in order to de-
viate individual sub-beams of the projection light of the il-
lumination system in different directions. With the aid of
the micromirrors, for example, the respective light sub-beams
of the projection light can thus be directed onto different
positions in a pupil surface of the illumination system.
Since the intensity distribution in a pupil surface of the
illumination system crucially influences the illumination an-
gle distribution of the projection light, the illumination
angle distribution can be specified more flexibly owing to
the individual drivability of the micromirrors. Particularly
in connection with so-called unconventional illumination set-
tings, in which an annular region or a plurality of poles are
illuminated in the pupil surface, the use of MMAs makes it
possible to adapt the illumination angle distribution to the
respective circumstances, and in particular to the mask to be
projected, without for example diffractive optical elements

having to be replaced.

CONFIRMATION COPY



10

15

20

25

30

WO 2010/040506 PCT/EP2009/007175

Such MMAs are often produced as microelectromechanical sys-
tems (MEMS) by means of lithographic methods, such as are
known from semiconductor technology. The typical structure
sizes are sometimes a few micrometres. Known examples of such
systems are, for example, MMAs whose micromirrors can be
tilted digitally about an axis between two end positions.
Such digital MMAs are often used in digital projectors for

showing images or films.

For use in the illumination system of a microlithographic
projection exposure apparatus, the micromirrors of the MMAs
should however be capable of quasi-continuously adopting
every tilt angle within a working angle range. In particular,
the micromirrors should be tiltable about two tilt axes.
Thus, for example, there are known micromirrors whose mirror
surfaces are mounted in a type of universal suspension, and
can be tilted with the aid of actuators, about two tilt axes.
The actuators may, for example, be configured as electro-
static or electromagnetic actuators. In a known arrangement
having electrostatic actuators, the micromirror with its two
tilt axes is mounted over four control electrodes and has a
mating or mirror electrode on its rear side. When a voltage
is applied between a control electrode and the mating elec-
trode, an attractive force action is created between them ow-
ing to electrostatic attraction. Each tilt axis is assigned
two opposite control electrodes and the micromirror can be
tilted in one direction or the other, depending on which
electrode is driven. Through various combinations of tilting
about the two tilt axes, the mirror can be tilted into any

position within its working angle range.

In order to drive the individual actuators, each actuator re-
quires its own voltage or current supply line and the drive
circuits connected therewith. In order to keep this outlay

small and allow a maximally high packing density of the mi-

cromirrors in an MMA, US 2003/0189389 Al therefore proposes a
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system in which only three actuators are used. Since the
driving of the individual actuators no longer acts independ-
ently on a single tilt axis when using three actuators, how-
ever, a method is employed therein by which the three control
signals of the actuators can be determined from two control
variables for the tilting about the two tilt axes. In this
method, the three control signals are calculated from the two
control variables by using a linear equation system. The so-
lution set of the equation system is restricted by various
constraint conditions. For instance, one of the requirements
of this conversion is that the two control variables respec-
tively cause tilting about the associated tilt axes independ-
ently of one another. Another constraint condition is that
the total force exerted by the three actuators onto the mi-

cromirror is kept constant.

Since the use of micromirrors in illumination systems of mi-
crolithographic projection exposure apparatus places very
great demands on the accuracy of the mirror alignment, signal
amplifiers such as for example high-voltage output stages,
which supply the actuators with variable control signals,
must also satisfy the most stringent of requirements with re-

spect to signal stability and reproducibility in that system.
SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide methods
and devices for driving a micromirror, with the aid of which
the outlay for driving the actuators of the micromirror can

be reduced further.

With respect to the method, this object is achieved according
to the invention by providing a micromirror array which is
arranged in an illumination system of a microlithographic
projection exposure apparatus and contains the micromirror.
The micromirror can be tilted through a respective tilt angle

about two tilt axes. The micromirror is furthermore assigned
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three actuators which can respectively be driven by control
signals in order to tilt the micromirror about the two tilt
axes. Two control variables are subsequently specified, each
of which is assigned to one tilt axis and which are both as-
signed to unperturbed tilt angles. Next, for any desired com-
binations of the two control variables, as a function of the
two control variables, one of the three actuators is selected
and its control signal is set to a constant value, in par-
ticular zero. The control signals are then determined so
that, when the control signals are applied to.the other two
actuators, the micromirror adopts the unperturbed tilt angles
as a function of the two control variables. Lastly, the con-

trol signals are applied to the actuators.

Thus, for a micromirror which can be tilted by three actua-
tors about two tilt axes, according to the invention the con-
version of the two control variables which are assigned to
the tilt angles about the tilt axes into the three control
signals is selected so that 1n every case one of the actua-
tors receives a control signal set to zero, or at least to a
constant value. In this way only two signal amplifiers, which
generate correspondingly varied control signals and apply
them to the other two actuators, are respectively needed in
order to drive a particular tilt angle combination. The ac-
tuator whose control signal is set to a constant value, in
particular zero, may for example be set to a predefined value
by means of a simple multiplex circuit. This predefined value
may be selected by a signal amplifier to be equal for all
groups of micromirrors of the micromirror array, so that
fewer than three signal amplifiers are required in total for

each individual micromirror.

The control variables are advantageously assigned linearly to
the unperturbed tilt angles, since the driving of the mi-

cromirror via the three actuators is kept simpler with re-
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spect to preceding steps, for example a control and regula-

tion algorithm, by such assignment.

The actuator whose control signal is set to a constant value,
in particular zero, may be selected by assigning a two-
dimensional control variable vector with a direction to the
two control variables, which are assigned to the unperturbed
tilt angles about the two tilt axes. An effective tilt vector
is furthermore assigned to each individual actuator, and then
the actuator whose effective tilt vector has a direction
which is not immediately adjacent to the direction of the
control variable vector is selected. This makes it possible
to represent the two-dimensional control wvariable vector as a
linear combination of the two immediately adjacent effective
tilt vectors. The effective tilt vector which is not immedi-
ately adjacent, and has a component which opposes the control
variable vector, is therefore eliminated from the linear com-
bination. The direction of the effective tilt vectors not be-
ing immediately adjacent is also intended to include cases in
which the control variable vector and an effective tilt vec-
tor coincide, and both remaining control signals of the ac-

tuators are therefore set to zero.

The aforementioned effective tilt vectors of an actuator are
in this case obtained from the control variables that are as-
signed to the unperturbed tilt angles, which the micromirror
adopts when only this actuator is driven. The effective tilt
vector therefore represents the way in which, i.e. how
strongly and in which direction, each individual actuator af-

fects the tilting of the micromirror.

Instead of determining the effective tilt vectors from design
data, it may be advantageous to determine the effective tilt
vectors by measurement. Manufacturing tolerances in the pro-
duction of the micromirrors and the respectively assigned ac-

tuators will thereby be taken into account.
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In the aforementioned method, the directions of the control

variable vector and the effective tilt vectors are preferably

SG
6 = arctan 4
SG.

where SGyx and SG, are the control variables assigned to the

determined according to

unperturbed tilt angles about the respective tilt axis and ©
indicates the angle that the respective vector makes with a

direction y which coincides with one of the two tilt axes.

In principle, the three actuators can be arranged in any de-
sired way and, for example in the case of electrostatic ac-
tuators, shaped in any desired way, so long as their effec-
tive tilt vectors can generate all given control variable
vectors by means of a positive linear combination, i.e. so
long as every control variable vector can be represented by
positive multiples of the effective tilt vectors. For optimal
distribution of the forces, however, it is advantageous for

the actuators to be arranged with threefold symmetry.

The result of this, for the preceding case, is that the ef-
fective tilt vector of a first actuator has a direction which
coincides with the direction y to within an alignment angle
@, the effective tilt vector of a second actuator essentially
makes an angle of 120° with the effective tilt vector of the
first actuator, and the effective tilt vector of a third ac-
tuator essentially makes an angle of 120° with the effective
tilt vector of the second actuator. After the direction 6 of
the control variable vector has been determined, the third
actuator (E3) is then selected for 6e[¢,120°+¢[, the first
actuator (E;) is selected for 6€[120°+¢,240°+¢[ and

the second actuator (E,) is selected for 6e[240°+¢,360°+0[.

In order to be able to adjust the tilt angles of the mi-

cromirror even more accurately, it is advantageous for the



10

15

20

25

30

WO 2010/040506 PCT/EP2009/007175

two control variables to be determined in the method, in the
step in which they are specified, from setpoint tilt angles
by a control algorithm, a regulation algorithm or a combined

control and regulation algorithm.

In this case, it is furthermore advantageous to specify tar-
get tilt angles for this purpose and to determine a trajec-
tory which comprises a sequence of setpoint tilt angles. This
trajectory represents a transition of actual tilt angles,
through which the micromirror is instantaneously tilted, to

the target tilt angles.

Preferably, calibration data are taken into account when de-
termining the setpoint tilt angles. In this way, superordi-
nate systems are free from the need to correct possible erro-

neous settings of the mirrors.

A regulation algorithm for determining the two control vari-
ables may in this case be configured so that the two control
variables are specified by the regulation algorithm or cor-
rected thereby, the regulation algorithm receiving a regula-
tion difference. The regulation difference is determined from
the setpoint tilt angles and negative feedback of the actual
tilt angles, measured by a monitoring system, through which
the micromirror is instantaneously tilted. Such a regulation
algorithm can compensate for perturbations which affect the

instantaneous tilt angles.

It is also advantageously possible to provide a control algo-
rithm, by which the two control variables are specified by
assigning them to the setpoint tilt angles with the aid of a
predictive control algorithm, which uses an inverse system

dynamics model.

The steps of the method, in which the actuator whose control
signal is set to zero is selected and in which the other two

control signals are determined, furthermore preferably com-
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prise the option of determining the control signals for given
control variables from an assignment table. In this way, the
control signals need not be determined from calculation
rules. Nevertheless, interpolation may advantageously be em-
ployed, in particular bilinear or bicubic interpolation, in
order to determine intermediate values from the assignment
table or in order to obtain a continuous function for deter-

mining the control signals.

The assignment table between the two control variables and
the three control signals is in this case compiled so that
the assignment table is compiled in a parameterisation phase
by applying various control signals to the actuators, measur-
ing the tilt angles resulting therefrom and subsequently as-
signing the two control variables linearly to the resulting
tilt angles. In this case, one control signal is respectively
already kept constant, in particular zero, when the control

signals are being applied.

In another advantageous option for determining the control
signals, for given control variables the control signals are
determined with the aid of a calculation rule which uses a
parameter vector. Since interpolation can be obviated in this
option, it can lead to more accurately determined control

signals.

The parameter vector used may be determined from design data.
Preferably, however, the parameter vector is determined in a
parameterisation phase by estimation from at least 3 assign-
ments between tilt angles and control signals of the three
actuators. These at least six assignments are determined by
applying various control signals to the actuators and measur-

ing tilt angles resulting therefrom.

Another aspect of the invention provides a method for driving
a micromirror, in which a micromirror array is initially pro-

vided, which is arranged in an illumination system of a mi-
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crolithographic projection exposure apparatus and contains
the micromirror, the micromirror being tiltable through a re-
spective tilt angle about two tilt axes. The micromirror is
assigned three actuators which can respectively be driven by
control signals in order to tilt the micromirror about the
two tilt axes. In a second step, an assignment table between
the tilt angles and the control signals of the three actua-
tors is compiled by activating and measuring a plurality of
tilt angles of the micromirror and storing the control sig-
nals applied to the three actuators for this. Two control
variables are subsequently specified, each of which is as-
signed to one tilt axis and which are both assigned linearly
to unperturbed tilt angles. Control signals, which cause the
micromirror to tilt though the unperturbed tilt angles, are
then determined by linearly assigning the two control vari-
ables to the tilt angles of the assignment table according to
the assignment in the previous step and reading out the con-
trol signals assigned to these tilt angles from the assign-
ment table. Lastly, the control signals are applied to the
actuators. The advantage of the method just described is that
owing to the compilation of the assignment table, no further
considerations must be made regarding the relationship be-
tween the control signals, the control variables and the tilt
angles, and the method is therefore very simple to configure.
In particular, no errors which are due to simplifying model
assumptions then occur. Interpolation, in particular bilinear
or bicubic interpolation, may also be employed in this method

in connection with the assignment table.

Instead of using a method in which an assignment table is

compiled as Jjust described, another aspect of the invention
provides ‘a method for driving a micromirror, in which a mi-
cromirror array is initially provided, which is arranged in
an illumination system of a microlithographic projection ex-

posure apparatus and contains the micromirror, the micromir-

‘ror being tiltable through a respective tilt angle about two
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tilt axes. The micromirror is assigned three actuators which
can respectively be driven by control signals in order to
tilt the micromirror about the two tilt axes. Next, at least
3 assignments between the tilt angles and the control signals
of the three actuators are determined by activating and meas-
uring various tilt angles of the micromirror and the control
signals applied to the three actuators for this. A parameter
vector is then estimated from the assignments obtained in the
previous step. Two control variables are subsequently speci-
fied, each of which is assigned to one tilt axis. With the
aid of a calculation rule which uses the estimated parameter
vector, the control signals are then determined for given
control variables. Lastly, the control signals are applied to

the actuators.

In the methods just described which use a parameter vector,
since the parameter vector is overdetermined with more than 3
assignments, i1t is for example estimated by a least-squares
estimator in order to reduce the errors primarily due to

measurement inaccuracies.

Each of the methods described above preferably operates with
a micromirror, which can respectively adopt at least three
different tilt angles about the tilt axes. This makes it pos-
sible to illuminate at least nine different positions of the
pupil surface with projection light. According to another op-
tion, the micromirror can quasi-continuously adopt all angles

in its working angle range.

In device terms, the above methods are carried out with the
aid of drive electronics for driving a micromirror which is
contained in a micromirror array, which is arranged in an il-
lumination system of a microlithographic projection exposure
apparatus. The micromirror has two tilt axes and three actua-
tors are assigned to the micromirror. The three actuators can

respectively be driven by control signals in order to tilt
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the micromirror about the two tilt axes. The drive electron-
ics comprise a converter having an input for control vari-
ables, which are assigned to unperturbed tilt angles about
the two tilt axes. The drive electronics furthermore comprise
two signal amplifiers, which can be controlled by means of
the converter, and a switching unit by means of which control
signals can be applied to the three actuators. As a function
of the control variables applied to the input of the con-
verter, the control signal of one of the three actuators can
be set to a constant value, in particular zero, with the aid
of the converter and the switching unit. The other two con-
trol signals can be applied to the actuators with the aid of
the converter, the switching unit and the two signal amplifi-
ers, so that the micromirror adopts the unperturbed tilt an-
gles, assigned to the control variables, about the two tilt

axes.

In order to adjust the tilt angle about the two tilt axes
even more accurately, the converter's input for control vari-
ables is preferably connected to a control system, a regula-
tion system or a combined control and regulation system, by
which the control variables can be determined from setpoint

tilt angles.

It is furthermore advantageous for the converter to comprise
a memory for an assignment table, from which the control sig-
nals of the three actuators can be determined as a function
of the control variables applied to the input of the con-
verter. Advantageously, means may be provided which allow in-
terpolation of the control signals, in particular bilinear or

bicubic interpolation.

In another advantageous embodiment of a converter, it com-
prises a calculation unit by which, with the aid of a calcu-
lation rule which uses a parameter vector, the control sig-

nals of the three actuators can be calculated as a function
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of the control variables applied to the input of the con-

verter.

According to another aspect of the invention, drive electron-
ics for driving a micromirror which is contained in a mi-
cromirror array, which is arranged in an illumination system
of a microlithographic projection exposure apparatus, the mi-
cromirror having two tilt axes and the micromirror being as-
signed three actuators, which can respectively be driven by
control signals in order to tilt the micromirror about the
two tilt axes, comprise a converter having an input for con-
trol variables. The control variables are assigned to unper-
turbed tilt angles about the two tilt axes. The drive elec-
tronics furthermore comprise signal amplifiers, which can be
controlled by means of the converter and are connected di-
rectly or indirectly to the actuators. In this way, the con-
trol signals can be applied to the actuators. The converter
now comprises a memory for an assignment table, from which
the control signals of the three actuators can be determined
as a function of the control variables applied to the input
of the converter. Here again, means may advantageously be
provided which allow interpolation of the control signals, in

particular bilinear or bicubic interpolation.

According to another aspect of the invention, drive electron-
ics for driving a micromirror which is contained in a mi-
cromirror array, which is arranged in an illumination system
of a microlithographic projection exposure apparatus, the mi-
cromirror having two tilt axes and the micromirror being as-
signed three actuators, which can respectively be driven by
control signals in order to tilt the micromirror about the
two tilt axes, comprise a converter having an input for con-
trol variables. The control variables are assigned.to unper-
turbed tilt angles about the two tilt axes. The drive elec-
tronics furthermore comprise signal amplifiers, which can be

controlled by means of the converter and are connected di-
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rectly or indirectly to the actuators. In this way, the con-
trol signals can be applied to the actuators. The converter
now comprises a calculation unit by which, with the aid of a
calculatiqn rule that uses a parameter vector which cah be
estimated in a parameterisation phase, the control signals of
the three actuators can be calculated as a function of the

control variables applied to the input of the converter.

The above drive electronics are preferably combined with a
micromirror, which is contained in a micromirror array that
is arranged in an illumination system of a microlithographic
projection exposure apparatus, to form a micromirror system.
In this case, the micromirror has two tilt axes and three ac-
tuators are assigned to the micromirror in order to tilt the

micromirror about the two tilt axes.

Furthermore, the invention provides a method for switching an
illumination setting in an illumination system of a micro-
lithographic projection exposure apparatus, comprising the

following steps:

a) providing a micromirror array which is arranged in the
illumination system and contains M micromirrors, wherein
each micromirror is tiltable through a respective tilt

angle about two tilt axes;

b) driving k = 1,2,...,M individual micromirrors in order
to switch from a first illumination setting to a second
illumination setting, wherein switching between the two
illumination settings is completed, for each k =
1,2,...,M, within a time period of less than 50 milli-

seconds.

Since the micromirrors influence the illumination setting of
the illumination system this method allows very fast switches
between different illumination settings despite the usually

high number M of micromirrors in a micromirror array. The
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number k of individual micromirrors whose tilt angles have to
be changed in order to switch from one illumination setting
to another depends on the difference between the two illumi-
nation settings. This number k and the respective old and new
tilt angles of the micromirrors will be determined by higher
level algorithms, which try to change the tilt angles of only
as much micromirrors as necessary for a switch of the illumi-
nation settings. However, the method also includes changing

the tilt angles of all M micromirrors within 50 milliseconds.

Preferably, such a method for fast switching illumination
settings is achieved by driving the individual micromirrors
with a method according to one of methods explained above.
Since the above mentioned methods allow a reduction of the
number of necessary signal amplifiers and corresponding drive
electronics, signal paths are shortened, leading to a very
fast switching of micromirror tilt angles. With appropriate
setups according to these methods also the number of signals
to be transferred by the drive electronics may be reduced,
leading to a further speed up of the switching of illumina-

tion settings.

According to another aspect of the invention an illumination
system of a microlithographic exposure apparatus 1s provided,
comprising a micromirror array which contains M micromirrors,
wherein each micromirror is tiltable through a respective
tilt angle about two tilt axes. The system further comprises
drive electronics for driving the individual micromirrors,
the drive electronics being capable of switching the illumi-
nation setting from a first illumination setting to a second
illumination setting by driving k = 1,2,...,M individual mi-
cromirrors such that the switching between the two illumina-
tion settings is completed, for each k = 1,2,...,M, within a
time period of less than 50 milliseconds. Such illumination
systems with a fast switching of the illumination setting

provide higher throughput.
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Preferably, such an illumination system uses the above men-

tioned drive electronics as drive electronics.

Preferably, the number M of tiltable micromirrors in such an
illumination system is more than. 1000, preferably more than
4000, giving the possibility to provide different illumina-

tion settings with a high resolution.
BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the invention may be found
in the following description of embodiments with the aid of

the drawings, in which:

Figure 1 shows a simplified meridian section through the il-
lumination system of a microlithographic projection

exposure apparatus having a multi-mirror array;

Figure 2 shows a simplified perspective representation of a
multi-mirror array, in which the individual mi-

cromirrors have a square outer contour;

Figure 3 shows a simplified perspective representation of a
micromirror with a circular outer contour, and

drive electronics for driving it;

Figure 4 shows a schematic representation which illustrates
the relationship between the orientation and effect
of the actuators and the tilting of the micromir-

ror;

Figure 5 shows a diagram of the control signals applied to -
the actuators (top) and a force action resulting
therefrom on the micromirror (bottom) according to

a device known from the prior art;

Figure 6 shows a diagram of the control signals applied to

the actuators (top) and a force action resulting
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therefrom on the micromirror (bottom) using the
method according to the invention for driving the

micromirror;

Figure 7 shows a schematic representation of a control and

regulation algorithm for driving the micromirror.
DESCRIPTION OF PREFERRED EMBODIMENTS

Figure 1 shows an illumination system 10 of a microlitho-
graphic projection exposure apparatus in a highly simplified
meridian section. The illumination system 10 is used for
suitably illuminating a mask 12, which carries lithographic
structures to be imaged. Usually, maximally uniform illumina-
tion of the mask 12 with projection light is desired so that
the structures on the mask 12 can be transferred as uniformly
as possible onto a wafer coated with a resist. Besides the
total intensity striking a mask point, another factor which
crucially influences the imaging properties of a microlitho-
graphic projection exposure apparatus is the illumination an-
gle distribution of the projection light. This is intended to
mean the distribution, between the different incidence angles
at which the light strikes the mask point, of the total in-
tensity of the light striking a mask point. In particular, it
is desirable to adapt the illumination angle distribution to
the type of structures to be illuminated, in order to achieve

maximally optimal imaging.

To this end the illumination system 10 comprises a multiplic-
ity of optical elements in its beam path, which in Figure 1
are mostly represented only in a highly simplified way or not
at all. The brojection light generated by a laser 14 or an-
other light source is initially expanded by first optics 16
and directed by means of a plane mirror 18 onto a microlens
array 20. The plane mirror 18 is primarily used to keep the

external dimensions of the illumination system 10 compact.
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Following the beam path further, the projection light strikes
a so-called multi-mirror array 22 which will be explained be-
low with reference to Figure 2. The multi-mirror array 22
comprises a multiplicity of micromirrors 24 which can be
tilted, preferably individually, by means of a drive instru-
ment 26. The upstream microlens array 20 focuses individual
light sub-beams of the projection light onto the micromirrors

24.

With the aid of the drive instrument 26, the individual mi-
cromirrors 24 can be tilted so that the light sub-beams of
the projection light pass, via second optics 28, through a
pupil surface 30 at freely selectable positions. A fly's eye
integrator 32 arranged near this pupil surface 30 generates a
multiplicity of secondary light sources in the pupil surface
30, which, via a third optics 34, uniformly illuminate an in-
termediate field plane 35 in which adjustable stop elements
37 are arranged. The third optics 34 generate an assignment
between angles in the pupil surface 30 and positions in the
intermediate field plane 35. The latter is imaged by an ob-
jective 36 onto a mask plane, in which the mask 12 is ar-
ranged. The intensity distribution in the pupil surface 30
therefore determines the illumination angle distribution not
only in the intermediate field plane 35 but also in the mask .

plane.

By different tilting of the individual micromirrors 24 of the
multi-mirror array 22, different illumination angle distribu-
tions can therefore be set up very flexibly. With suitable
driving of the micromirrors 24, the illumination angle dis-

tribution can even be modified during an exposure.

Figure 2 shows a simplified perspective representation of the
multi-mirror array 22, in which the individual micromirrors
24 are plane and have a square contour. In order to direct an

incident light sub-beam, which is generated by the microlens
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array 20 upstream in the beam path, onto any desired posi-
tions within the pupil surface 30, each micromirror 24 is
mounted tiltably about two tilt axes x and y. The tilting per
se about the tilt axes x, y can be controlled by means of ac-
tuators, and each micromirror 24 should if possible be as-
signed its own set of actuators so that the micromirrors 24
can be driven individually. Therefore, each micromirror 24
with the associated actuators thus forms a mirror unit 38

which is repeated over the multi-mirror array 22.

The greater the number of mirror units 38 in a multi-mirror
array 22 is, the more finely the intensity distribution can
be resolved in the pupil surface 30. Multi-mirror arrays 22
having several thousand micromirrors 24, tiltable about two
tilt axes x, y, may be envisaged. Such multi-mirror arrays 22

may, for example, be fabricated in MEMS technology.

Figure 3 shows a highly schematised perspective representa-
tion of an embodiment of a mirror unit 38 in which, unlike in
the embodiment shown in Figure 2, the micromirror 24 has a
circular contour. Drive electronics, which are part of the
drive instrument 26 and by which this micromirror 24 can be

driven, are denoted by 39.

The main component of the mirror unit 38 is the micromirror
24, which has a plane mirror support whose mirror surface 40
carries a coating which reflects the projection light being
used, for example VUV light with a wavelength of 193 nm. The
mirror surface 40 may be assigned a surface normal 42, with
respect to which the incidence angle and emergence angle of
the projection light striking the micromirror 24 can be de-
fined. In the case of a curved mirror surface 40, an average

surface normal 42 may be defined for this purpose.

The micromirror 24 is mounted tiltably by means of a univer-
sal suspension (not shown) about the two tilt axes x and vy,

which are represented by dashes in Figure 3. The universal
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suspension, which allows two degrees of freedom in rotation,
exerts a restoring moment on the micromirror 24 by means of
resilient solid-state articulations used for supporting it,

and thus keeps it in a stable central position.

A mirror electrode 44, which is produced for example by va-
pour depositing a metallic layer, is applied on the rear side
of the micromirror 24. A first control electrode E;, a second
control electrode E, and a third control electrode Ej;, which
are configured as circular disc segments with a vertex angle
of 120°, are applied opposite this mirror electrode 44, and
therefore the entire micromirror 24, on the substrate of the
mirror unit 38. For each mirror unit 38 of the multi-mirror
array 22, the leads of the three control electrodes Ei;, E;
and E; and the mirror electrode 44 are fed out from the MEMS

unit and connected to the associated drive electronics 39.

By applying various voltages U;, U, and U; between the mirror
electrode 44 and the control electrodes E;, E; and E;, the
mirror electrode 44 is pulled by the individual control elec-
trodes E;, E, and E; owing to electrostatic attraction. This
attractive force between the two electrodes is converted by
the universal suspension into tilting of the micromirror 24
about the two tilt axes x and y. The control electrodes E,,

E, and E; therefore function as actuators for tilting the mi-

cromirror 24.

The respective tilt angle is essentially dictated by the in-
teraction of the various voltages U;, U, and Uz and the re-
storing moments established by the solid-state articulations
of the universal suspension. Other forces which act on the
micromirror 24, for example gravitational forces, may be ne-
glected in this embodiment since the micromirror 24 is in-
tended to be very small here. Forces due to effects such as

for example housing vibrations, air flows or thermal effects
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may, however, have a considerable influence on the real set-

ting of the micromirror 24.

In order to achieve the simplest possible driving of the mir-
ror unit 38, in the present embodiment control variables SGx
and SGy which are assigned, preferably linearly, to the de-
sired unperturbed tilt angles oy and ay about the tilt axes x
and y are transmitted to the drive electronics 39. In order
to convert these control variables SGy, SGy into the voltages
U,, U, and Uz, the drive electronics 39 comprise a converter
46, a multiplexer 48 and two signal amplifiers in the form of
two controllable high-voltage output stages 50 and 52. The
converter 46 receives the two control variables SGy and SGy
on two input lines and, by means of a memory 45 and/or a cal-
culation unit 47, determines the values of the three voltages
U;, U, and Uz which are applied to the control electrodes E,,
E, and E;. As a function of the control variables SGy, SGy,
according to a method explained below with the aid of Figures
4 to 6, one control electrode E;, E; or E; is respectively se-
lected, for example the first control electrode E;, and its
voltage U; relative to the mirror electrode 44 is set to zero
by means of the multiplexer 48, i.e. it is placed at the same
potential as the mirror electrode 44. Via two control lines,
which lead from the converter 46 to the high-voltage output
stages 50 and 52, the converter 46 then sets the other two
voltages U; and U; to values which cause desired tilting of
the micromirror 24. The multiplexer 48, which receives these
two voltages U, and U; and is in turn driven by the converter
46, sets the selected control electrode E; to zero and ap-
plies.-the asscociated voltages U, and Uz to the other two con-

trol electrodes E; and Es.

In this way, at each instant only two signal amplifiers are
needed for driving the three actuators, in order to achieve
desired tilting of the micromirror 24 about the two tilt axes

X, y. Owing to the multiplicity of mirror units 38 in a
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multi-mirror array 22, this greatly reduces the outlay on

hardware which is required for driving the micromirrors 24.

If for example electromagnetic actuators are used instead of
the electrostatic control electrodes E;, E; or E; in another
embodiment, then the control signals, which are formed here
by the various voltages U;, U, and Uz, may for example be gen-
erated by constant-current sources instead of the high-
voltage output stages 50 and 52. In particular, the signals
specified by the converter 46 may also be transmitted in
purely digital form to the signal amplifiers being used, as
is possible in the case of digital-analogue converters with

an integrated power output stage.

If the actuators being used require a particular mutual sig-
nal, then instead of setting the control signal of the se-
lected actuator to zero, a control signal which is constant
over a plurality of mirror units 38 of the multi-mirror array
22 may also be applied by means of the multiplexer 48. In
this way, the number of signal amplifiers needed per mirror
unit 38 is reduced on average over the multi-mirror array 22

in this case as well.

A calculation method by which the three control signals,
which are applied to the actuators of the mirror unit 38, can
be determined will be described below with the aid of Figures

4 to 6.

The starting point of the method is the two control variables
SGx and SGy, which are transmitted for example from the out-
put of a control and regulation algorithm to the converter 46
and are assigned to desired angles, i.e. unperturbed tilt an-
gles ox and oy of the micromirror 24 about the respective
tilt axis x, y. For given control variables SGy and SGy, the
method must therefore be capable of determining as precisely

as possible the voltages U;, U, and U; which cause the mi-
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cromirror 24 to tilt into the corresponding unperturbed tilt

angles oy and ay.

To a first approximation in the case of electrostatic actua-
tors, the torques with which the control electrodes E;, Ez
and E; act on the micromirror 24 may be assumed to be propor-
tional to the square of the respective voltage U;, U, and Us.
The restoring moments caused by the solid-state articulations
of the universal suspension, which are in equilibrium with
these torques, are approximately proportional to the tilting
of the micromirror 24 so long as movement takes place in the
elastic range of the solid-state articulations. The propor-
tionality constants of the restoring moments, which are also
referred to as rotational spring constants, may be set dif-
ferently in the direction of the tilt axes x and y. With the
aid of these rotational spring constants, which are indicated
here by their reciprocal value as ¢y and cy for the sake of
simpler formula notation, it is therefore possible to formu-
late the following simple model for the dependency of the un-
perturbed tilt angles oy and oy, on the applied voltages U;, U:
and Us:

o c.e c.e, c.e;
( ]:( . XJ.UH( » x]'Uzz{ ; XJ.U; )
a, c,e, c,e,, c,e;,

Here, ei=(eix, e1y) , €2=(ez, €2y)" and e3=(es, e3y) are propor-
tionality factors in the coordinate system of the tilt axes
X,Y, which, through multiplication by the squared voltages
U:%, U,2 and Us?, give the torque which is caused by the indi-
vidual control electrodes E;, E; and E3. These proportionality
factors are therefore also influenced for example by differ-
ent orientations or configurations of the control electrodes
E;, E; and E; and the mirror electrode 44, but also by manu-
facturing tolerances during their production. Vectors respec-
tively rotated through 120°, the length of which corresponds

to the force action of the electrodes, may be set as e;, e
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and e; for the case assumed here in which the control elec-
trodes E;, E; and E; are positioned ideally with threefold

symmetry and are identical.

By combining the coefficients and rearrangement, Equation (1)

can be rewritten more simply as:

U’ U’
a X X X
( xJ:|:p1 Py P3 il U22 _.T U22 (2)
ay p]y p2y p3y U32 U32

The entries of the matrix T, which represent the model pa-

rameters Pix, Piys P2xs P2ys P3xs, P3y of the mirror unit 38, may
be obtained either from design data or by means of a measure-
ment method. An example of such a measurement method will be

explained in more detail below.

If there is not a quadratic dependency of the torque on the
respective voltages U;, U; and Uz owing to a different embodi-
ment, for example of the form of electrode, the vector with
the squared voltages may at any time be replaced by arbitrary

functions £f;(U;) in the model above.

Equation System (2) has infinitely many solutions, which may
partly be restricted by requiring the voltages U;, U, and Uj
to be greater than or equal to zero for the sake of simplic-
ity, since the electrostatic attraction effect between two
electrodes is independent of the polarity of the voltage be-
ing used and the high-voltage output stages 50, 52 can there-
fore be configured for a voltage range with only one polar-

ity.

If one of the voltages U;, U, and U; is now set equal to zero,
then Equation System (2) becomes uniquely solvable since
there are now only two unknowns to be determined. For par-
ticular tilting of the micromirror 24 about the two tilt axes

x and y, however, it is not possible to set any voltage U,
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U, or Us to zero. For this reason, in a first step it is nec-
essary to select the control electrode Ei;, E; and Ej; whose

voltage U;, Uz or Us can be set to zero.

As may be seen in particular from Figure 4, the control wvari-
ables SGy and SGy span a control variable space which is as-
signed to the space of the unperturbed tilt angles oy and oy
about the tilt axes x and y. In principle this assignment or
coordinate transformation may be made in any desired way, the
control variables SGy and SGy being assigned preferably inde-
pendently of one another and linearly to their respective
tilt angle. In the present embodiment, an identical assign-
ment between the control variables SGy, SGy and the unper-
turbed tilt angles oy, oy is assumed. The coordinate axes of
the two spaces therefore correspond to each other, as is in-
dicated in Figure 4. In the control variable space, various
combinations of control variables SGi, SGy can now be plotted

as different control variable vectors SGV.

Furthermore, as is indicated in Figure 4 by the control elec-
trodes E;, E; and E; and effective tilt vectors w;, wy and ws
assigned to them, the effects of the control electrodes E;,

E, and E;, which they have on the micromirror 24, may also be
taken into account in this control variable space. The re-
spective effective tilt vector w;, wy; or wz of a control elec-
trode E;, E; or E3 is in this case given by the control vari-
ables SGy, SGy that are assigned to those unperturbed tilt
angles oy, oy which the micromirror 24 adopts when only this
control electrode E;, E; or E3 is driven with a type of stan-

dard voltage.

Except for multiplication by a standard voltage and the rep-
resentation in the control variable space, the effective tilt
vectors wi, wy or ws therefore correspond to the entries, or

more precisely the columns, of the matrix T, which represent

the model parameters pix, Piyr P2xr P2yr P3xs, P3y Of the mirror
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unit 38 in Equation (2). In the embodiment having control
electrodes Ei, E; and E3 arranged with threefold symmetry, an
alignment angle ¢ between the first control electrode E; and
the tilt axis y, which is due for example to manufacturing

tolerances, is therefore also taken into account.

If a desired combination of perturbed tilt angles oy and oy,
or more precisely the control variables SGy, SGy assigned to
them, is now plotted as a control variable vector SGV in the
diagram of Figure 4, then this may also be represented by a
linear combination of the three effective tilt vectors w;, wy

or ws of the three control electrodes E;, E; and Ejs.

According to the prior art, the equation system of Equation
(2) has previously been solved as shown in Figure 5, with the
additional constraint condition that the total force F, which
acts on the mirror element 24 is kept constant. This means
that the sum Uf + Uf + Uf should be of equal value for each
control variable vector SGV. This has given for example the
voltage profiles of U; (continuous), U, (dashed) und Uz (dot-
ted) shown at the top in Figure 5 for one complete rotation
of a given control variable vector SGV about the origin of
the diagram in Figure 4, which corresponds to moving the sur-
face normal 42 of the micromirror 24 on a conical surface

with a given vertex angle.

In the present embodiment, however, the constraint condition
of keeping constant the total force F, on the micromirror 24
is omitted, and instead one of the three control electrodes
E;, E, or E3 is selected and its voltage U;, U, or Us is set to
zero. Admittedly, this cannot exclude the possibility that
the micromirror 24 will execute minor excursion movements in
the direction perpendicular to the tilt axes. Such excursion
movements, however, are generally not detrimental to the op-

tical function since the excursion movements in the case of
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plane micromirrors 24 do not affect the directions in which

the projection light is being deviated.

To this end, the orientation of the control variable vector
SGV with respect to the effective tilt vectors wi, wy or ws of
the three control electrodes E;, E; and E; is determined. In

this case, the equation

0= arctan(i—Gy) (3)

Gx

may be used in order to determine the angle 6, while taking

the respective quadrant into account.

If the angle 6 lies in the angle range [¢,120°+¢[, i.e. the
control variable vector SGV lies between the effective tilt
vector w; of the first control electrode E; and the effective
tilt vector wy, of the second control electrode E;, then the
control signal of the third control electrode E; i.e. Uz is
set = 0 and the control variable vector SGV is generated as a
linear combination of the effective tilt vectors w; and ws.

For the solution of the linear equations system, this gives:
U12 2 2
a, D P Psx 2 Py P Ul / Ul
= : UZ = ‘ 2 =T 2 (4)
ay ply p2y p3y O ply p2y U2 U2

This equation can be solved uniquely by

(o
U2 a)’

when a positive solution is selected for the root. The root
in Equation (5) is to be understood as taking the root compo-

nent by component.
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If the angle 6 lies in the angle range [120°+¢,240°+¢(, then,
as may be seen in Figure 4, U; = 0 is set and the other two

equations are determined according to

U a, x x
( 2)=+ T with 77=|P> P (6)
U, a, Py, DPsy
For 6 within [240°+¢,360°+¢[, U, = 0 is correspondingly set

and U; and Us are determined according to

U a x x
( 1):+ Tm—l X with 7" = b P (7)
U, a, Dy, Dsy

In the solutions above, the two unperturbed tilt angles oy
and ay can now generally be replaced by assignment functions
o3y = £(SG;i) using the control variables SGyx, SGy. A method of
calculating the three voltages U,;, U, and Uz from the control
variables SGy and SGy is therefore obtained for all control

variable vectors SGV.

The upper part of Figure 6 illustrates the profile of the
voltages U; (continuous), U; (dashed) und U; (dotted) and
shows that with the method used here, inter alia lower maxi-
mum voltages are needed in order to achieve particular tilt-
ing, since the control electrode E;, E, or E; whose effective
tilt vector wi, w, or wi contains a component that would op-
pose the control variable vector SGV is respectively set to
zero. The working range of the high-voltage output stages 50,
52 can therefore be selected to be smaller, so that smaller
quantisation stages for the individual voltages and concomi-
tantly smaller errors can be achieved. The lower part of Fig-
ure 6 also shows the variation in the total force F,, which
occurs in the method described here and leads to the excur-

sion movements already mentioned above.
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As already indicated above, a measurement method may be used
for determining the model parameters piyx, Piys, P2xs P3xs

in order to take into

Pays

pP3y, i.e. the entries of the matrix T,

account process variations in the production of the mirror
units 38.

In such a measurement method, various voltages U,,

U, and Uz are applied and the tilt angles oy and ay resulting

therefrom are measured. In order to demonstrate this, Equa-
tion System (2) may be rewritten as
plx
p2x
2 2 2 7
a.| (U~ U, U 0 0 0 || P
a,) o o o U’ U’>U|p| (8)
p2y
p3y
L—V—l

p

This notation now illustrates that the original entries pix,
Piys P2xs P2yr P3xr P3y 0of the matrix T, in the form of a column

vector p, represent the unknowns of an equation system with

two equations.

The model parameters pix, Piyr P2xs P2ys P3x, P3y could not be
determined with only one measurement, since the equation sys-
tem of Equation (8) would not be sufficiently determined.

there

U, and Uz to the

With N measurement points, N 2 3 being required, i.e.
are N assignments of the three voltages U,
two tilt angles oy and oy, Equation (8) can however be set up

N times:
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— I p X
a, Uy Ui, UL 0 0 0 p‘
ayl 0 0 0 U121 U221 U321 >
: + é. — . . . . : . p3x
. . 3 3 . . - p ( 9 )
a, Uy, UL, UL, 0 0 0 p‘y
ayN | 0 0 0 UIZN U22N U32N | Zy
—_— N v p3y
a H -

p

The vector e stands for the measurement inaccuracy inherent
in each measurement. If the voltages U;; to Usy are now se-

lected so that the matrix H has full rank, then the unknown
model parameters pix, Piys P2xs P2y, P3x, P3y can be determined

from Equation System (9).

The parameter vector p 1is in this case estimated by
p=(H"H)'H"& (10)

for example with a least-squares estimator or another estima-
tor, in order to eliminate as far as possible the error of
the parameter vector, or more precisely the influence of the
measurement inaccuracies, by the larger number of measure-

ments.

Instead of modelling the relationship between the applied
voltages U;, Uz and Uz and the unperturbed tilt angles oy, oy
resulting therefrom in a calculation model, a somewhat dif-
ferent method of determining the voltages U;, U, and U; con-
sists in simply reading it from a so-called look-up table

which has been determined beforehand.

To this end, N? unperturbed tilt angles ok, oy within the an-
gle ranges of the two tilt axes x, y are activated in a meas-
urement run, and these are stored together with the voltages
Ui, U; and Us required for this in a table, preferably in an
electronic memory. The N2 measurement points are expediently

distributed uniformly on an N x N grid inside the angle
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ranges of the two tilt axes x, y. The activation of the indi-
vidual tilt angles may for example be carried out with the
aid of a regulation algorithm, to which the measured tilt an-
gles ax, oy are in turn supplied. The individual tilt angles
of the measurement run may, however, also be activated only
with a control algorithm in which the real tilt angles are
merely measured and stored with the associated voltages U,

U, and U3z in the table.

For each combination of control variables SGx, SGy and the
look-up table, with the aid of a given assignment between the
control variables SGy, SGy and the unperturbed tilt angles oy,
oy, the associated voltages U;, U; and U3 can be read out dur-
ing operation and applied to the control electrodes E;, E:
and Esz. Since the values of the voltages U;, U; and U; are
available only at the positions of the N x N tilt angles oy,
oy, intermediate values may be calculated by interpolation,

for example bilinearly or bicubically.

These procedures just explained may also be combined, in or-
der to set one of the voltages U;, U, or Uz to zero as ex-
plained above by already setting one of the voltages U;, U
or Us to zero when compiling the look-up table, or more pre-
cisely when activating the N? tilt angles oy, oy. The outlay

on signal amplifiers can also be kept small by means of this.

Since the mirror units 38 in genuine systems are always sub-
ject to certain perturbations z, a control and regulation al-
gorithm 54 which adjusts real actual values of the micromir-
ror 24, according to specified target tilt angles, will be

explained below.

To this end, Figure 7 shows a diagram of the control and
regulation system 54 as part of the drive instrument 26, the
various components of which may be embodied individually as
devices. Preferably, however, the functions of the control

and regulation algorithm 54 are undertaken by digital algo-
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rithms, which are carried out for example in a digital signal
processor (DSP). For this reason, comments below about vari-
ous components are also intended to refer to embodiments in
the form of algorithms. Various embodiments may optionally
contain only individual parts of these control and regulation

components.

The regulation section represented by dashes, which acts on
the perturbation z, comprises the mirror unit 38 including
the micromirror 24 and the associated drive electronics 39.
If a linear, preferably identical assignment has been se-
lected for assigning the control variables SGgx, SGy to the
unperturbed tilt angles oy, ay of the micromirror 24 about
the two tilt axes x, y, then, owing to the drive electronics
39, the considerations about the control and regulation com-
ponents remain free from the complex dependencies of the un-
perturbed tilt angles oy, oy on the three control signals of
the actuators, which are applied here in the form of voltages
Ui, Uz and Uz to the control electrodes E;, E; and E; of the
mirror unit 38. The logic of the control and regulation com-
ponents is therefore kept straightforward, which inter alia

simplifies their layout.

At the input of the control and regulation algorithm 54, a
trajectory determination unit 56 receives the target angle,
through which the micromirror 24 is finally intended to be
tilted, from a superordinate system or the user. From these
target tilt angles, the trajectory determination unit 56 then
determines a sequence of a setpoint tilt angles which con-
verts the actual tilt angles, through which the micromirror
24 is instantaneously tilted, into the target tilt angles.
This allows, for example, smooth_activation of the target
tilt angles. Calibration data, which can be used in order to
adapt the actual tilt angles with respect to superordinate
systems, may furthermore be transmitted to the trajectory de-

termination unit 56.
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The sequence of setpoint tilt angles is transmitted to a
regulator 58 that determines or corrects the control vari-
ables SGx, SGy, which are transmitted to the drive electron-
ics 39 of the mirror unit 38. To this end the regulator 58
uses a reqgulation difference e, which is given by the set-
point tilt angles at the instant in question and negative
feedback of the actual tilt angles measured by a monitoring
system 60. A regulator 58 configured as a simple PID regula-
tor may be parameterised according to the regulation charac-

teristics of the regulation section.

A predictive controller 62 is furthermore provided in the
present embodiment, which contains an inverse system dynamics
model of the regulation section and thus anticipates the re-
action of the micromirror 24 to a change in the control vari-
ables SGyx, SGy. Such a solution is recommendable in particu-
lar owing to the multiplicity of individual mirror units 38,
since the regulation frequency of the closed control loop via
the regulator 58, dictated essentially by the limited band-

width of the monitoring system 60, may be relatively low.

The predictive controller 62 therefore comprises the predict-
able reaction of the control section, and the regulator 58
corrects the control variables SGyx, SGy specified by the pre-
dictive controller 62 in order to compensate for the pertur-
bation z acting on the control section and errors of the

drive electronics 39.

The control variables SGgx, SGy thus determined and optionally
corrected are then converted by the drive electronics 39 into
control signals according to the method presented above, and

these are applied to the actuators of the mirror unit 38.

All the described methods and devices for driving a micromir-
ror 24 in a multi-mirror array 22 may also be employed in il-

lumination systems for the use of EUV light, i.e. light with
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a wavelength in the range of a few nanometres, for example
13.6 nm.

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

claims, and equivalents thereof.
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CLAIMS
1. Method for driving a micromirror (24), having the fol-

lowing steps:

a)

providing a micromirror array (22) which is ar-
ranged in an illumination system (10) of a micro-
lithographic projection exposure apparatus and
contains the micromirror (24), the micromirror
(24) being tiltable through a respective tilt an-
gle (oyx, oy) about two tilt axes (x, y), and the
micromirror (24) being assigned three actuators
(Ei, E2, E3) which can respectively be driven by
control signals (U;, U, Us) in order to tilt the

micromirror (24) about the two tilt axes (x, Vy);

specifying two control variables (SGx, SGy), each
of which is assigned to one tilt axis (x, y) and
which are both assigned to unperturbed tilt an-

gles (oy, oy);

for any desired combinations of the two control
variables (SGx, SGy), as a function of the two

control variables (SG4, SGy), selecting one (E;)
of the three actuators whose control signal (U;)

is set to a constant value, in particular zero;

determining the control signals (U;, Uz, Us) so
that, when the control signals (U;, Uy, Us) are
applied to the other two actuators (E;, Ej3), the
micromirror (24) adopts the unperturbed tilt an-
gles (ayx, ay) as a function of the two control

variables (SGx, SGy):

applying the control signals (U;, U, Usz) to the

actuators (E;, E,, Ej3).
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Method according to Claim 1, characterised in that the
control variables (SGx, SGy) are assigned linearly to

the unperturbed tilt angles (oy, oy).

Method according to one of Claims 1 and 2, character-
ised in that the actuator (E;) whose control signal

(U;) 1s set to a constant value, in particular zero, is
selected in step c) by assigning a two-dimensional con-
trol variable vector (SGV) with a direction (8) to the
two control variables (SGx, SGy), which are assigned to
the unperturbed tilt angles (oyx, «y) about the two tilt
axes (X, y), assigning an effective tilt vector (wi,

w2, W3) to each individual actuator (E;, E, Ei3), and
then selecting the actuator (E;) whose effective tilt
vector (wy) has a direction (0) which is not immedi-
ately adjacent to the direction (©) of the control

variable vector (SGV).

Method according to Claim 3, characterised in that the
effective tilt vector (wi, wy, ws3) of an actuator (Ei,
E,, E3) is obtained from the control variables (SGg,
SGy) that are assigned to the unperturbed tilt angles
(ox, oy) which the micromirror (24) adopts when only

this actuator (E;, E,, E3) is driven.

Method according to Claim 3 or 4, characterised in that
the effective tilt vectors (wi, wz, wW3) are determined

by measurement.

Method according to one of Claims 3 to 5, characterised
in that the directions of the control variable vector
(SGV) and the effective tilt vectors (wi, wp, w3) are

determined according to

SG
@ = arctan 4
SG.
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where SGy and SGy are the control variables (SGy, SGy)
assigned to the unperturbed tilt angles (oy, ay) about
the respective tilt axis (x, y) and 6 indicates the an-
gle that the respective vector makes with a direction y

which coincides with one of the two tilt axes (X, y).

Method according to one of the preceding claims, char-
acterised in that the actuators (E;, E;, E3) are ar-

ranged with threefold symmetry.

Method according to Claim 6 and according to Claim 7,
characterised in that the effective tilt vector (w;) of
a first actuator (E;) has a direction which coincides
with the direction y to within an alignment angle ¢,
the effective tilt vector (w;) of a second actuator

(E») essentially makes an angle of 120° with the effec-
tive tilt vector (w;) of the first actuator (E;), and
the effective tilt wvector (ws3) of a third actuator (Ej3)
essentially makes an angle of 120° with the effective
tilt vector (wz) of the second actuator (E;), and in
that the direction 6 of the control wvariable vector
(SGV) 1is determined and then the third actuator (E3) 1is
selected for 6e€[¢p,120°+¢[, the first actuator (E;) is
selected for 6e€[120°+¢,240°+¢[ and the second actuator
(E;) is selected for 6e€ [240°+¢,360°+@[.

Method according to one of the preceding claims, char-
acterised in that the two control variables (SGx, SGy)
are determined from setpoint tilt angles in step b) by
a control algorithm (62), a regulation algorithm (58)

or a combined control and regulation algorithm (54).

Method according to Claim 9, characterised in that tar-
get tilt angles are specified and a trajectory compris-
ing a sequence of setpoint tilt angles is determined,

which represents a transition of actual tilt angles,
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through which the micromirror (24) is instantaneously

tilted, to the target tilt angles.

Method according to Claim 9 or 10, characterised in
that calibration data are taken into account when de-

termining the setpoint tilt angles.

Method according to one of Claims 9 to 11, character-
ised in that the two control variables (SGyx, SGy) are
specified by a regulation algorithm (58) or corrected
thereby, the regulation algorithm (58) receiving a
regulation difference which is determined from the set-
point tilt angles and negative feedback of the actual
tilt angles, measured by a monitoring system (60),
through which the micromirror (24) is instantaneously

tilted.

Method according to one of Claims 9 to 12, character-
ised in that the two control variables (SGx, SGy) are
specified by assigning them to the setpoint tilt angles
with the aid of a predictive control algorithm (62),

which uses an inverse system dynamics model.

Method according to one of the preceding claims, char-
acterised in that steps c) and d) comprise the follow-

ing step:

determining the control signals (U;, Uz, Us) for
given control variables (SGy, SG,) from an assign-

ment table.

Method according to Claim 14, characterised in that the
assignment table between the two control variables

(SGx, SGy) and the three control signals (U;, U, Usz) is
compiled in a parameterisation phase, by applying vari-
ous control signals (U;, Uz, Usz) to the actuators (E;,

E>, E3), measuring the tilt angles (oy, ay) resulting
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therefrom and subsequently assigning the two control
variables (SGx, SGy) linearly to the resulting tilt an-
gles (oax, ay), one control signal (U, Uz, Us) respec-
tively being kept constant, in particular zero, when

the control signals (U;, Uz, Us) are being applied.

Method according to one of Claims 1 to 13, character-
ised in that steps c¢) and d) comprise the following

step:

determining the control signals (U, Uz, Us) for
given control variables (SGy, SGy) with the aid of

a calculation rule, which uses a parameter vector.

Method according to Claim 16, characterised in that the
parameter vector is determined in a parameterisation
phase by estimation from at least 3 assignments between
tilt angles (ax, ay) and the control signals (U, U,

Us) of the three actuators (E:, E», E3), the at least 3
assignments being determined by applying various con-
trol signals (U;, U,, Us) to the actuators (Ei;, E, E3)

and measuring tilt angles (ayx, o,) resulting therefrom.

Method for driving a micromirror (24), having the fol-

lowing steps:

a) providing a micromirror array which is arranged
in an illumination system (10) of a microlitho-
graphic projection exposure apparatus and con-
tains the micromirror (24), the micromirror (24)
being tiltable through a respective tilt angle
(ag, oy) about two tilt axes (x, y), and the mi-
cromirror (24) being assigned three actuators
(E1, E;, E3) which can respectively be driven by
control signals (U, Uz, Us) in order to tilt the

micromirror (24) about the two tilt axes (x, vy):
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compiling an assignment table between the tilt
angles (oy, oy) and the control signals (U;, U,
U3) of the three actuators (E;, E,, E3) by acti-
vating and measuring a plurality of tilt angles
(ag, ay) of the micromirror and storing the con-
trol signals (U;, Uz, U3) applied to the three ac-
tuators (E;, E,, E3) for this;

specifying two control variables (SGx, SGy), each
of which is assigned to one tilt axis (x, y) and
which are both assigned linearly to the unper-

turbed tilt angles (oy, ay);

determining control signals (U;, U, Usz) which
cause the micromirror (24) to tilt though the un-
perturbed tilt angles (ayx, oy), by linearly as-
signing the two control variables (SGx, SGy) to
the tilt angles (ax, oy) of the assignment table
according to the assignment in step c¢) and read-
ing out the control signals (U;, Uy, Us) assigned
to these tilt angles (ayx, ay) from the assignment

table;

applying the control signals (U;, U, Us) to the

actuators (Ei1, Bz, Ej3).

Method for driving a micromirror (24), having the fol-

lowing steps:

a)

providing a micromirror array (22) which is ar-
ranged in an illumination system (10) of a micro-
lithographic projection exposure apparatus and
contains the micromirror (24), the micromirror
(24) being tiltable through a respective tilt an-
gle (ax, ay) about two tilt axes (x, y), and the
micromirror (24) being assigned three actuators

(E1, Ez, Ei3) which can respectively be driven by
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control signals (U;, Uz, Us) in order to tilt the

micromirror (24) about the two tilt axes (x, y):

b) détermining at least 3 assignments between the
tilt angles (ox, ay) and the control signals (U,
U,, Us) of the three actuators (E;, Ez, E3) by ac-
tivating and measuring various tilt angles (o,
aoy) of the micromirror (24) and the control sig-
nals (U;, U,, Ujs) applied to the three actuators
(E1, E», Ei3) for this;

c) estimating a parameter vector from the assign-

ments obtained in step b);

d) specifying two control variables (SGx, SGy), each

of which is assigned to one tilt axis (x, y)-

e) determining the control signals (U;, U, Us) for
given control variables (SGx, SGy) with the aid
of a calculation rule, which uses the estimated

parameter vector;

f) applying the control signals (U, U, Us) to the

actuators (Ei1, E,, E3).

Method according to one of Claims 17 and 19, character-
ised in that the parameter vector is estimated by a

least-squares estimator.

Method according to one of the preceding claims, char-
acterised in that the micromirror (24) can respectively
adopt at least 3 different tilt angles (oy, ay) about
the tilt axes (x, y).

Drive electronics (39) for driving a micromirror (24),

which is contained in a micromirror array (22) that is

arranged in an illumination system (10) of a micro-

lithographic projection exposure apparatus, the mi-
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cromirror (24) having two tilt axes (x, y) and three
actuators (E;, E,, E3) being assigned to the micromirror
(24) in order to tilt the micromirror (24) about the
two tilt axes (x, y), and the drive electronics (39)

comprising:

a) a converter (46) having an input for control
variables (SGy, SGy) which are assigned to unper-
turbed tilt angles (ayx, ay) about the two tilt

axes (x, vy),

b) two signal amplifiers (50, 52) which can be con-

trolled by means of the converter (46), and

c) a switching unit (48) by means of which control
signals (U;, U, Usz) can be applied to the three

actuators (E;, E;, E3),
characterised in that

d) as a function of the control variables (SGx, SGy)
applied to the input of the converter (46), the
control signal (U;, Uz, U;3) of one of the three
actuators (Ei;, E,, E3) can be set to a constant
value, in particular zero, with the aid of the

converter (46) and the switching unit (48), and

e) the other two control signals (U;, U,, Us) can be
applied to the actuators (Ei, E, E3) with the aid
of the converter (46), the switching unit (48)
and the two signal amplifiers (50, 52), so that
the micromirror (24) adopts the unperturbed tilt
angles (ox, ay), assigned to the control vari-

ables (SGx, SGy), about the two tilt axes (x, y).

Drive electronics (39) according to Claim 22, charac-
terised in that the input for control variables (SGy,

SGy) of the converter (46) is connected to a control
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system (62), a regulation system (58) or a combined
control and regulation system (54), by which the con-
trol variables (SGx, SGy) can be determined from set-

point tilt angles.

Drive electronics (39) according to Claim 22 or 23,
characterised in that the converter (46) comprises a
memory (45) for an assignment table, from which the
control signals (Ui, Uz, Us3) of the three actuators (E;,
E,, E3) can be determined as a function of the control
variables (SGy, SGy) applied to the input of the con-

verter (46).

Drive electronics (39) according to one of Claims 22 to
24, characterised in that the converter (46) comprises
a calculation unit (47) by which, with the aid of a
calculation rule which uses a parameter vector, the
control signals (Ui, Uz, Us) of the three actuators (E;,
E,, E3) can be calculated as a function of the control
variables (SGy, SGy) applied to the input of the con-

verter (46).

Drive electronics (39) for driving a micromirror (24),
which is contained in a micromirror array (22) that is
arranged in an illumination system (10) of a micro-
lithographic projection exposure apparatus, the mi-
cromirror (24) having two tilt axes (x, y) and the mi-
cromirror (24) being assigned three actuators (E;, Ei,
E3), which can respectively be driven by control sig-
nals (U;, Uz, U3z) in order to tilt the micromirror (24)
about the two tilt axes (x, y), and the drive electron-

ics (39) comprising:

a) a converter (46) having an input for control
variables (SGy, SGy) which are assigned to unper-
turbed tilt angles (ay, oy) about the two tilt

axes (x, y), and
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b) signal amplifiers (50, 52) which can be con-
trolled by means of the converter (46) and are
connected directly or indirectly to the actuators
(E1, Es, E3), so that the control signals (U;, Uy,
U3) can be applied to the actuators (E;, E,, Ej3),

characterised in that

c) the converter (46) comprises a memory (45) for an
assignment table, from which the control signals
(U1, U,, Usz) of the three éctuators (E1, E», E3)
can be determined as a function of the control
variables (SGy, SGy) applied to the input of the

converter.

27. Drive electronics for driving a micromirror (24), which
is contained in a micromirror array that is arranged in
an illumination system (10) of a microlithographic pro-
jection exposure apparatus, the micromirror (24) having
two tilt axes and the micromirror (24) being assigned
three actuators (E;, E, E3), which can respectively be
driven by control signals (U;, Uz, Us) in order to tilt
the micromirror (24) about the two tilt axes (x, y),

and the drive electronics (39) comprising:

a) a converter (46) having an input for control
variables (SGx, SGy) which are assigned to unper-
turbed tilt angles (o, oy) about the two tilt

axes (x, Y),

b) signal amplifiers (50, 52) which can be con-
trolled by means of the converter (46) and are
connected directly or indirectly to the actuators
(E1, E», E3), so that the control signals (U;, U,
Us3) can be applied to the actuators (E;, E;, Ej3),

characterised in that
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29.

c) the converter (46) comprises a calculation unit
(47) by which, with the aid of a calculation rule
that uses a parameter vector which can be esti-
mated in a parameterisation phase, the control
signals (Ui, Uz, Us) of the three actuators (E;i,
E>, E3) can be calculated as a function of the
control variables (SGy, SGy) applied to the input

of the converter (46).

Micromirror system having drive electronics according
to one of Claims 22 to 27 and a-micromirror (24), which
is contained in a micromirror array (22) that is ar-
ranged in an illumination system (10) of a microlitho-
graphic projection exposure apparatus, the micromirror
(24) having two tilt axes and three actuators (E;, Eg,
E3;) being assigned to the micromirror (24) in order to

tilt the micromirror (24) about the two tilt axes (x,

y) .

Method for switching an illumination setting in an il-
lumination system (10) of a microlithographic projec-
tion exposure apparatus, comprising the following

steps:

a) providing a micromirror array (22) which is ar-
ranged in the illumination system (10) and con-
tains M micromirrors (24), wherein each micromir-
ror (24) is tiltable through a respective tilt

angle (oyx, oy) about two tilt axes (x, y);

b) driving k¥ = 1,2,...,M individual micromirrors
(24) in order to switch from a first illumination
setting to a second illumination setting, wherein
switching between the two illumination settings
is completed, for each k= 1,2,...,M, within a

time period of less than 50 milliseconds.
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Method according to Claim 29, characterised in that for
driving the individual micromirrors (24) in step b) a

method according to one of the Claims 1 to 21 is used.

Illumination system (10) of a microlithographic expo-

sure apparatus, comprising

a) a micromirror array (22) which contains M mi-
cromirrors (24), wherein each micromirror (24) is
tiltable through a respective tilt angle (ay, ay)

about two tilt axes (x, y), and

b) drive electronics (39) for driving the individual
micromirrors (24), the drive electronics (39) be-
ing capable of switching the illumination setting
from a first illumination setting to a second il-
lumination setting by driving k = 1,2,...,M indi-
vidual micromirrors (24) such that the switching
between the two illumination settings is com-
pleted, for each k =1,2,...,M, within a time pe-

riod of less than 50 milliseconds.

Illumination system (10) according to Claim 31, charac-
terised in that drive electronics according to one of
the Claims 22 to 27 are used for the drive electronics
(39).

Illumination system (10) according to one of the Claims
31 and 32, characterised in that M is greater than

1000, preferably greater than 4000.
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