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Trajectory Fitting

BACKGROUND OF THE INVENTION
1. Field of the invention

The invention relates to a method for controlling an optical element of an optical arrange-
ment of a microlithographic projection exposure apparatus which may be configured, for
example, for wavelengths in the extreme ultraviolet spectral range (EUV). The optical ar-
rangement may be contained in an illumination system or a lens of such an apparatus. The

invention also relates to a microlithographic projection exposure apparatus.
2. Description of prior art

Microlithographic projection exposure apparatuses are used to transfer structures ar-
ranged on a mask — also called reticle — to a light-sensitive layer such as a photoresist, for
example. The light-sensitive layer is usually situated on a wafer or some other substrate.
The projection exposure apparatus typically comprises a light source, an illumination sys-
tem, which projection light generated by the light source and directs it onto the mask, and
a lens, which images the mask illuminated by the projection light onto the light-sensitive

layer.

The shorter the wavelength of the projection light, the smaller the structures which can be
produced on the light-sensitive layer with the aid of the projection exposure apparatus.
The most recent generation of projection exposure apparatuses uses projection light hav-
ing a centre wavelength of approximately 13.5 nm, which is thus in the extreme ultraviolet
spectral range (EUV). Such apparatuses are often referred to as EUV projection exposure

apparatuses.

However, there are no optical materials which have a sufficiently high transmissivity for
such short wavelengths. Therefore, in EUV projection exposure apparatuses the lens ele-
ments and other refractive optical elements that are customary at longer wavelengths are

replaced by mirrors, and the mask therefore contains a pattern of reflective structures.
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The mirrors comprise a mirror substrate having a reflection region, which is formed on a
surface of the mirror substrate and in which the mirror substrate bears a reflective coating.
The mirrors are often fixed in support frames that are connected to a rigid frame structure
of the lens or of the illumination system via actuators. The entire, inherently rigid assembly
comprising a mirror and, if appropriate, supporting frames fixed thereto, or other compo-

nents, is referred to hereinafter as mirror element.

The mirror elements of the illumination system direct the projection light onto the mask;
the mirror elements of the lens image the region illuminated on the mask onto the light-

sensitive layer.

In order to accomplish this with the required accuracy, the reflection regions of the mirror
elements have to be aligned precisely with one another in all six degrees of freedom. Elec-
trically actuable actuators are usually used for positioning and aligning the mirror ele-

ments.

EUV projection exposure apparatuses having a large numerical aperture require mirror el-
ements having a large diameter. Such mirror elements are costly to produce and, owing to
their high inherent weight, make it more difficult to implement mounting and actuation
with little deformation. Since the mirror element is not an ideal rigid body, the shape of
the mirror substrate can vary, e.g. in the long term on account of material degradations
and in the short term as a result of the influence of forces and moments that act on the

mirror substrate during actuation.

In EUV projection exposure apparatuses, a mirror may be actuated by means of a hexa-
pod, i.e. a parallel manipulator comprising six actuators for controlling position and orien-
tation of the mirror in space. Further, a number of sensor elements may be provided for

sensing position, acceleration, etc. of the mirror.

Usually, the light-sensitive layer, e.g. the photoresist, contains a number of adjacent target
fields to be exposed successively. During the exposure process of a portion of the light-
sensitive layer, a number of errors caused e.g. by reticle heating, wafer heating, reticle

and/or wafer clamping may arise. Such effects become more critical due to both stricter
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requirements for overlay and higher-order surface deformations, as well as increasing heat
fluxes and heat loads. One known method for correction of such effects dynamically dur-
ing exposure is to correct the expected error by driving optical elements in the system in
the opposite direction. Errors that have to be corrected during exposure are generally not
constant over one particular exposure field and may vary additionally from field to field of

a given wafer.

Accordingly, it is an object of the present invention to provide a method for controlling an
optical element of an optical arrangement for a microlithographic projection exposure ap-
paratus and a microlithographic projection exposure apparatus providing an approach for
reducing errors and to increase accuracy for a single exposure of a field of a wafer and for

a series of exposures for a given wafer.
SUMMARY OF THE INVENTION

This object is achieved by means of a method for controlling an optical element of an op-
tical arrangement for a microlithographic projection exposure apparatus, the method
comprising: providing an optical element and at least one actuator configured to move
and/or deform the optical element in at least one degree of freedom; controlling move-
ment and/or deformation of at least one point of the optical element along a trajectory
during exposure and during non-exposure - also termed as “dark-time”, wherein the non-
exposure trajectory segment is defined such that at least one of the following parameters
is minimized along at least the exposure segment of the trajectory and/or along the total

trajectory segment: acceleration, jerk, snap, control error, actuator force, power.

The term "optical element” shall comprise any type of optical element influencing the
propagation or quality of light, e.g. a refractive or diffractive lens, a mirror, a prism, a filter,
a grating, etc. Further, the method may be implemented also at other positions, e.g. at a

reticle, a wafer, etc.

The term "actuator” shall comprise any object, element, arrangement, system or field

adapted to exert actively or passively a force on the optical element for controlling the
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movement or deformation of the optical element. Controlling the movement or the defor-
mation of the optical element shall also comprise retaining a present state without move-
ment or deformation. The actuator may comprise, for example, a force actuator or a dis-

placement actuator.

The term "a point of an optical element” shall comprise any actual or virtual point corre-
lated with the optical element, e.g. a point of interest, point of control, center of mass, a

surface feature etc.

The term "trajectory” shall comprise a time-ordered set of states of the dynamical system
comprising the optical element. Trajectory shall comprise a time-ordered set of positions
the point of the optical element is presently following. A state may include information
such as position, and/or orientation, and/or shape such as deformation shape. The dynam-
ical system shall comprise the optical element, the actuators, the sensors, a controller

and/or a control scheme (e.g. a feedforward control scheme).

Control error is a deviation of the actual trajectory from a reference trajectory and may
comprise position, velocity, acceleration, jerk, snap or other position-related, movement-

related, and/or state-related parameters.

Velocity is the first derivative of the trajectory with respect to time of the at least one point

of the optical element.

Acceleration is the second derivative of the trajectory with respect to time of the at least
one point of the optical element. Acceleration may refer to translational or rotational

movements.

Jerk is the third derivative of the trajectory with respect to time of the at least one point of

the optical element.

Snap is the fourth derivative of the trajectory with respect to time of the at least one point

of the optical element.

The term "power” shall comprise the power required for moving and/or deforming the op-

tical element. The power or energy used for movement or deformation may contribute to
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heating the optical element or any surrounding parts, portions of elements of the micro-

lithographic projection exposure apparatus, which may in turn increase the heat load.

The term "minimize” shall comprises any form of optimisation along the exposure trajec-
tory. Usually, minimize comprises also the maximum value over the exposure segment or

over all segments, i.e. the total trajectory segment.

The term "total trajectory segment” shall comprise all segments of the trajectory which are

considered. The total trajectory segment may not necessarily be continuous.

It is a finding of the present invention that the trajectory of the optical element during
non-exposure time or dark-time may have a substantial influence on the error arising dur-
ing exposure times. Accordingly, it is proposed to move or deform the optical element
during a dark-time phase such that certain parameters are minimized in the exposure time
phase. The trajectory of the exposure phase may be predefined, whereas the trajectory of
the non-exposure phase is to be optimized regarding the positional control error, the
maximum actuator force and/or the power. In other words, when optimizing a trajectory
for the exposure phase, e.g. for reducing errors, the trajectory of the optical element, i.e.
the trajectory of at least one point of the optical element, during a dark-time phase should

be taken into account.

For example, one would want to minimize control error during the exposure trajectory
(e.g. a scan), but ideally would want to both minimize error during the exposure trajectory

and to minimize actuator force and/or power during the non-exposure trajectory.

In particular, it is regarded as beneficial to perform the optimization process of a non-ex-
posure trajectory before defining the exposure trajectory or to perform the optimization of

the non-exposure trajectory together with the optimization of the exposure trajectory.

In particular, one of the parameters positional control error, maximum actuator force,

and/or power may be minimized along exposure trajectory segments.

Preferably, at least one of the parameters is minimized along all trajectory segments. Mini-

mizing one or more of the parameters along the entire trajectory of the at least one point
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of the optical element during exposure and during non-exposure is expected to result in a
minimum error for the exposure phases. In particular, the actuator power and/or the force
during a non-exposure trajectory segment may be limited, i.e. minimized to remain below
a certain threshold and the control error, in particular the positional control error, may be

minimized during an exposure trajectory segment.

According to an embodiment the non-exposure trajectory segment is a polynomial fit or a
spline fit. The spline fit may be based on b splines, cubic splines or non-uniform rational b-
splines (“NURBS"). The derivation of the fit may be based on the complete trajectory or on
segments of the trajectory. The segments of the trajectory may be defined according to

functional considerations, e.g. exposure phase and non-exposure phase.

When the start and endpoint conditions for a defined segment are known, like the non-
exposure phase or the exposure phase, a polynomial fit over the entire segment may be
defined using the known boundary conditions. It is also possible to divide a segment into
defined time intervals. The time intervals may be discrete time intervals with a fixed length
of time or may be defined having varying but pre-defined time lengths. The conditions

may then be set within the intervals separately.

According to an embodiment two segments are concatenated. The segments may be two
non-exposure segments, two exposure segments, or a non-exposure segment and an ex-
posure segments. The order of the non-exposure segment and the exposure segment may
be interchanged. The resulting concatenated segment may be of differentiability class C°.
This implies that the resulting concatenated segment is continuous, i.e. the resulting con-
catenated segment including two non-exposure segments, two exposure segments,
and/or a non-exposure segment and an exposure segment are of continuity C°. A differen-
tiability class C" is defined as follows: A trajectory segment f is of differentiability class C" if
the derivatives f', f*, .., f(n) exist and are continuous. The continuity is implied by differenti-

ability for all the derivatives except for f(n).

In this regard, in a preferred embodiment the resulting concatenated segment is of differ-
entiability class C", where n = 1 ... 6. Differentiability class C has been proven to be the

best compromise between arithmetical efforts and precision. Of course, a trajectory having
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all derivatives continuous, i.e. being smooth, is also within the scope of the present inven-

tion.

The intervals may be concatenated together, e.g. with additional rules about the smooth-
ness and how they fit together. The smoothness of the resulting concatenated segment
may refer to a condition including continuity of all derivatives. A lower order of continuity

may be acceptable as well.

Preferably, the optical element is controlled by a feedback control and/or by a feedfor-
ward control concerning the parameter to follow the trajectory. As an example, the trajec-
tory of the exposure phase may be predefined, whereas the trajectory of the non-exposure
phase is to be optimized regarding the positional control error, the maximum actuator
force and/or the power. During the process of controlling the point of the optical element
along the trajectory segment, the actuator movement and/or deformation the optical ele-
ment is determined and compared with the intended actuator movement/deformation of
the predefined trajectory. The result of the comparison is the deviation of the actual tra-
jectory from the predefined model trajectory. To maintain the deviation below a specified
value, the control may comprise a feedback control and/or a feedforward control. One or
more of the following signals may be used for feedback: position, velocity, acceleration,
jerk, snap, or higher order derivations with respect to time of the position. The feedback is,
however, not limited to this set. It is also possible that multiple signals, i.e. more than one
position, more than one acceleration, etc. of the above list are used to define the desired
movement of the optical element. According to an embodiment, the feedback control may

be according to the equation:

FFB =C-e,
wherein Fpg: feedback force
c: control parameter
e=r—y deviation (“error”) of model trajectory r from an actual

trajectory y
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For compensating known disturbances concerning the trajectory, a feedforward control
according to the following equation may be implemented in the case of a mass-related

movement of the optical element:

FFF =t- m,
wherein Fpp:  feedforward force
P acceleration
m: mass of the accelerated optical element

The total force exerted on the optical element is:
F = FFF + FFB

The above discussed relations are by way of example for the case of moving an optical el-
ement having a mass. In the case of a trajectory defined more abstractly according to a
time-ordered set of states of the dynamical system comprising the optical element differ-

ent equations may apply.

The object is also achieved by means of a microlithographic projection exposure appa-
ratus comprising an optical element, at least one actuator configured to move and/or de-
form the optical element in at least one degree of freedom and a control device, wherein

the control device is adapted to perform at least one of the methods described above.

According to a preferred embodiment of the apparatus the optical element is a mirror
having a mirror substrate and a reflection region formed on a surface of the mirror sub-

strate.
BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the invention will become apparent from the following

description of the embodiments with reference to the drawings, in which

Figure 1 shows in a perspective view a schematic microlithographic EUV projection ex-

posure apparatus comprising an illumination system and a lens;
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Figure 2 shows a meridional section through the lens of the projection exposure appa-

ratus shown in Figure 1;

Figure 3 shows in a schematic view a model of a scanning mirror including a controller;

Figure 4  shows in a schematic diagram four segments of an exemplary trajectory for

correctable errors with separated contributions;

Figure 5  shows the diagram of figure 4 with the sum of individual contributions result-

ing in a total error to be corrected;

Figure 6  shows in a schematic diagram an example implementation of several segments

of a model trajectory;

Figure 7 shows in a schematic diagram two degrees of freedom of a model trajectory,
each represented by fitted polynomial segments and/or interpolated seg-

ments; and

Figure 8  shows in a schematic diagram the calculated error at a point of interest when

following the model trajectory as shown in figure 7.

DESCRIPTION OF PREFERRED EMBODIMENTS

1. Basic construction of the projection exposure apparatus

Figure 1 shows, in a perspective and highly schematic illustration which is not to scale, the
basic construction of a microlithographic projection exposure apparatus 10 according to
the invention. The projection exposure apparatus 10 serves to project reflective structures
12 arranged on a side - facing downwards in Figure 1 - of a mask 14 onto a light-sensitive
layer 16. The light-sensitive layer 16, which can be, in particular, a photoresist (also called

resist), is carried by a wafer 18 or some other substrate.

The projection exposure apparatus 10 comprises an illumination system 20, which illumi-

nates that side of the mask 14 which is provided with the structures 12 with EUV light 22.
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A range of between 5 nm and 30 nm, in particular, is appropriate as wavelength for the
EUV light 22. In the embodiment illustrated, the centre wave-length of the EUV light 22 is
approximately 13.5 nm. The EUV light 22 illuminates an illumination field 24 on the down-
wardly facing side of the mask 14, said illumination field having the geometry of a ring

segment here.

The projection exposure apparatus 10 furthermore comprises a lens 26, which generates
on the light-sensitive layer 16 a reduced image 24' of the structures 12 lying in the region
of the illumination field 24. The lens 26 has an optical axis OA, which coincides with the
axis of symmetry of the ring-segment-shaped illumination field 24, and is thus situated
outside the illumination field 24. The illumination field 24 may, of course, have an arbitrary

shape. Also, an optical axis OA is not necessarily present.

The lens 26 is designed for scanning operation in which the mask 14 is displaced synchro-
nously with the wafer 18 during the exposure of the light-sensitive layer 16. These displac-
ing movements of the mask 14 and of the wafer 18 are indicated by arrows A1, A2 in Fig-
ure 1. During an exposure of the light-sensitive layer 16, the illumination field 24 thus
sweeps over the mask 14 in a scanner-like manner, as a result of which even relatively
large contiguous structure regions can be projected onto the light-sensitive layer 16. The
ratio of the speeds at which the mask 14 and the wafer 18 are displaced is in this case
equal to the imaging scale [ of the lens 26. In the embodiment illustrated, the image 24'
generated by the lens 20 is reduced (|B| < 1) and erect (B > 0), for which reason the wafer

18 is displaced more slowly than the mask 14, but in the same direction.

Light beams proceed from each point in the illumination field 24 which is situated in an
object plane of the lens 26, said light beams entering into the lens 26. The latter has the
effect that the entering light beams converge in an image plane of the lens 26 at field
points. The field points in the object plane from which the light beams proceed, and the
field points in the image plane in which said light beams converge again are in this case in

a relationship with one another which is designated as optical conjugation.

For an individual point in the centre of the illumination field 24, such a light beam is indi-

cated schematically and designated 28. In this case, the aperture angle of the light beam
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28 upon entering into the lens 26 is a measure of the numerical aperture NA thereof. On
account of the reduced imaging, the image-side numerical aperture NA of the lens 26 is

enlarged by the reciprocal of the imaging scale p.

Figure 2 shows important components of the lens 26 likewise schematically and not to
scale in a meridional section. Between the object plane indicated at 30 and the image
plane indicated at 32, a total of six mirror elements M1 to M6 are arranged along an opti-
cal axis OA. Each of the mirror elements M1 to M6 comprises a mirror substrate 34 and a
reflection region 36, as is shown by way of example for the mirror element M6. The light
beam 28 proceeding from a point in the object plane 30 firstly impinges on a concave first
mirror element M1, is reflected back onto a convex second mirror element M2, impinges
on a concaves third mirror element M3, is reflected back onto a concave fourth mirror ele-
ment M4 and then impinges on a convex fifth mirror element M5, which directs the EUV
light back onto a con-cave sixth mirror element M6. The latter finally focuses the light

beam 28 into a conjugate image point in the image plane 32.

If the mirror elements M1 to M6 were supplemented by the parts indicated by dashed
lines in Figure 2, then the reflection regions 36 of the mirror elements thus supplemented
would be rotationally symmetrical with respect to the optical axis OA of the lens 26. As can
readily be discerned, the beam path described above could not be realized with such com-
pletely rotationally symmetrical reflection regions 36, however, since the mirror units M1
to M6 would then partly block the light path. Therefore, the mirror elements M1 to M6

have the shapes indicated by solid lines.

An aperture stop 38 is arranged between the mirror elements M5 and M6é.

2. Model of a Scanning Mirror

For discussing the control concept of the present invention, a scanning optical element 40,
e.g. a scanning mirror, is discussed in more detail with reference to Figure 3 as an exem-
plary embodiment. The scanning optical element 40 comprises an optical effective surface
42, e.g. a reflective surface. The scanning optical element 40 is mechanically connected

with an actuator 44 comprising six actuator elements 46, e.g. in a hexapod arrangement.
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The actuators may for example be electromagnetic actuators. For a different embodiment
a different number of actuators 44 and a different kind of actuator may be selected with-

out departing from the present invention.

The scanning optical element 40 further comprises three vertically operating sensor ele-
ments 48 and three horizontally operating sensor elements 50. The terms horizontally and
vertically refer to the optical effective surface 42 of the scanning optical element 40. Other
arrangements in number, position, and/or orientation of sensor elements and other oper-
ating directions may apply for a different embodiment without departing from the present

invention.

For following the model trajectory, the scanning optical element 40 is controlled by a con-
troller 52. The controller 52 is connected with the six actuator elements 46 and with the
four sensor elements 48, 50, indicated by corresponding connection lines. The controller
52 is adapted to provide a feedback control and a feedforward control. The feedforward

control may be a mass feedforward, more complex feedforward strategies may be used.

The controller 52 is adapted to provide scanning profiles, i.e. trajectories the mirror should
follow, while the light-sensitive layer 16 is illuminated by the illumination system 20. The
scanning movements of the scanning optical element 40 are to compensate for certain
optical effects, e.g. due to a reticle heating, wafer heating, reticle and/or wafer clamping,
possibly arising before or during the scanning process. The scanning movement may be
described by referring to at least one point of control (POC) 54 for control purposes
and/or to at least one point of interest (POI) 56 for defining a trajectory, as indicated in

Fig. 3.

Figure 4 shows in a schematic diagram four segments of an exemplary trajectory for cor-
rectable errors with separated contributions. Trajectory following is used to minimize
and/or correct system errors during critical time periods of system operation. Particularly
in EUV lithography products, it is desired to correct errors caused by reticle heating, wafer
heating, reticle and wafer clamping as well as of the effects generally denominated as cor-

rectables.
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For correcting the optical effects caused by these errors dynamically during exposure, the
expected error is corrected by driving the scanning optical element 40 of the apparatus 10

in a direction allowing to compensate for the adverse effect.

The errors that have to be corrected during exposure are generally not constant over time,
e.g. one particular exposure field like a die, and are not constant over many dies that are
produced on a given wafer. Accordingly, a desired trajectory is defined for one or more
degrees of freedom of the scanning optical element 40. The trajectory during exposure ac-
counts for the sum of all errors that ideally have to be corrected. It is possible that the de-
sired, i.e. the ideal, trajectory is reduced in complexity by reducing the polynomial order,
the frequency content or the number of degrees of freedom to minimize system complex-
ity, but the general target is to provide an acceptable amount of . This method of correc-
tion can be considered for one mechatronic system, for one optical element such as the
scanning optical element 40, e.g. a mirror, and/or for several optical elements, e.g. one or

some of the mirrors M1 to M6 as described above.

Figures 4 and 5 give an example of this approach. In Figure 4, two separate contributions
of different errors are shown as error portions of a total error, which is shown in Figure 5.
The error contributions of Figure 4 are a result of model calculations and/or measure-
ments and take into account reticle heating resulting in a displacement of the reticle and
wafer heating resulting in a displacement of the wafer. Other influences may be, for exam-
ple, clamp heating resulting in a change of the clamp force exerted on the wafer, which in
turn may result in a displacement of the wafer, or other contributions, which may be
measured influences for a specific setup that may not be readily attributed to an identifia-

ble mechanism.

The mentioned contributions are shown in a diagram in Figure 4 for two consecutive ex-
posure time periods. In the diagram, the abscissa shows the time in arbitrary units, and the
ordinate shows a one-dimensional trajectory of the respective element for correcting the
error resulting during exposure/non-exposure time periods. Of course, for correcting the

error induced by one element - e.g. reticle, wafer, etc. — more than one dimension may be
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necessary to achieve a full error correction. However, for explanation purposes in the con-

text of the present embodiment only a one-dimensional approach is discussed.

In Figure 4, line 401 (solid) shows the contribution of a temperature change to the correc-
tion profile during exposure/non-exposure of the reticle, line 403 (dashed) the influence of
a temperature change during exposure/non-exposure of the wafer. An exposure time pe-

riod 407, 408 follows a non-exposure time period 405, 406.

As can be seen from Fig. 4, during the first exposure period 407, the reticle heating re-
quires a substantial error correction. Right after the beginning of the exposure period 407,
the trajectory 401 reaches a first value 4011. From this first value 4011, the trajectory 401
rises continuously and reaches a second value 4012, the second value being higher than
the first value 4011. At this point of time, the first exposure period 407 ends. Thus, the in-
fluences caused by the exposure process — mainly heat input — end and the correction

portion of the trajectory may be substantially reduced.

In the non-exposure period 406, the trajectory 401 is at the low level that had been
reached with the end of the exposure period 407. This means, that concerning the contri-
bution to the correction profile, here for the compensation of the reticle heating, there is
no requirement. However, it may still be necessary perform other corrections, e.g. to move
the reticle to a next field (step-and-scan). The beginning of the new exposure period 408
requires the trajectory 401 to rise again to a third value 4013, the third value 4013 being of

a similar height a the second value 4012.

During the second exposure period 408, the trajectory 401 again compensates for the in-
fluences caused by the exposure process. However, in contrast to the first exposure period
407, the influences caused by the reticle are getting smaller during the exposure process.
Thus, the trajectory portion 401 falls during the exposure period 408 from the third value
4013 to a fourth value 4014, the fourth value 4014 being smaller than the third value 4013.

The second trajectory 403, representing the wafer influences to be corrected, shows dur-
ing the first non-exposure period 405 and during the first exposure period 407 a general

similar development. The correction amount of the second trajectory 403 during the first
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exposure period 407 is smaller. Accordingly, the second trajectory 403 reaches at the be-
ginning of the exposure period 407 a first value 4031, the first value 4031 of the second
trajectory 403 being smaller than the first value 4011 of the first trajectory 401. During the
exposure process of the first exposure period 407, the second trajectory 403 increases
continuously and reaches a second value 4032, the second value 4032 of the second tra-
jectory 403 being higher than the first value 4031. At the end of the exposure period 407,
the major influences of the exposure process diminishes and the second trajectory 403

reaches a minimum level.

The minimum level is maintained during the non-exposure period 406. At the beginning
of the second exposure period 408, the second trajectory 403 reaches a third value 4033,
the third value 4033 being higher than the second value 4032 of the second trajectory
403. During the exposure process of the second exposure period 408, the trajectory rises
again and reaches a fourth value 4034, which is again higher than the third value 4033 of

the second trajectory 403

The first and second trajectories 401, 403 are regarded as trajectory portions of a "sum” or
“total” trajectory 501, as can be seen in Fig. 5. Fig. 5 shows a total trajectory 501, which
represents the actual trajectory the scanning optical element is to follow. The total trajec-
tory 501 includes all contributions of the individual influences, discussed above as first and

second trajectories 401, 403.

As already mentioned with regard to Fig. 4, the time period under discussion comprises

first and second non-exposure periods 505, 506 and exposure periods 507, 508.

Comparing the first and second trajectories 401, 403 of Fig. 1 with the total trajectory 501
of Fig. 5, it is evident that the first and second trajectories 401 and 403 do not add up to
the total trajectory 501. Accordingly, further contributions like clamp induced influences or
other influences are not discussed here individually in detail. The total trajectory 501 of
Fig. 5, however, shows the actual trajectory the scanning optical element 40 has to per-

form during exposure periods 507, 508.
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It is a basic concept of the present invention to take into account the non-exposure peri-
ods 505, 506 before, between, and/or after exposure periods 507, 508 for optimizing the
trajectory in the non-exposure phase such that the control error, the actuator force, and/or
the power is minimized during the whole time, at least during one or more exposure tra-
jectory segments and/or during one or more non-exposure trajectory segments. For ex-
ample, there may be a requirement on error during an exposure trajectory segment, but
there may also be limits in realistic errors, forces, and/or power over all trajectory seg-

ments.

Fig. 6 shows the result of an optimisation of total trajectory by considering non-exposure
periods. The diagram of Fig. 6 shows on the abscissa a time scale, the ordinate shows a
parameter of a trajectory, e.g. a z-coordinate of a scanning optical element 40. In the dia-
gram, a trajectory 601 is shown as a result of a minimisation of an error parameter, e.g. a
positional error, during exposure periods and during non-exposure period. The dotted
segments 603, 605, 607, 609 correspond to the total trajectory 501 during exposure peri-
ods, whereas the solid segments 602, 605, 606, 608 represent trajectory segments during
non-exposure time periods. As can be seen from Fig. 6, before the first exposure period
during the trajectory segment 603, the first non-exposure, trajectory segment 602 per-
forms a substantial movement/change of states in order to minimise a positional error for
example. The same holds for the second non-exposure segment 604, the third non-expo-
sure segment 606, and the fourth non-exposure segment 608. All of the mentioned non-
exposure segments 602, 604, 606, 608 are designed to optimise the total trajectory 601 re-
garding certain parameter, e.g. to achieve a minimum acceleration, to minimise jerk to

minimise a positional control error or to minimise the required power, to mention a few.

The trajectory 601 of Fig. 6 is a piecewise second order polynomial fit for one dimension
of a positional scan parameter, i.e. the second order polynomial fitting is done in each ex-
posure period. In the non-exposure periods, the fitting is performed with a higher order
polynomial. The optimisation observes certain boundary conditions like the maximum
force applicable, the response speed of the system, or the like. For example, a polynomial
(or any other appropriate type) curve fitting — interpolation or smoothing — is performed

on the data during the exposure segments. The result is concatenated with a polynomial
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during the non-exposure segments. The polynomial during non-exposure may, for exam-

ple, be a interpolation, since no “in-between” data points are determined.

Fig. 7 shows a series of exposure scans, i.e. repetitive trajectories of the optical scanning
element 40. In the diagram of Fig. 7, the abscissa is a time axis, the unit being seconds.
The ordinate is a characteristic parameter of a degree of freedom of the scanning optical
element 40, e.g. a length unit, here nanometer. The time axis is divided by the scans of the
scanning optical element 40 inter-exposure periods and non-exposure periods. Each scan
starts at a vertical dashed line and ends at a dash-and-dot line. In the diagram, two trajec-
tories 701, 702 for two example degrees of freedom are shown as a solid line (701) and a
dashed line (702). The trajectories 701, 702 of the non-exposure segments are the result of
a polynomial fitting having an order of six, whereas the polynomials in the exposure seg-
ments are of second order. The piecewise segments are concatenated. Higher order poly-
nomials may be chosen to minimise jerk and/or other higher order derivatives of changing

position during the dark phase.

Preferably, the order of the polynomial fitting/interpolation is at least two, preferably be-

tween four and seven.

What such a selection of trajectories 701, 702 achieves during the non-exposure periods is
to ensure that a starting point of a trajectory during a scan, i.e. an exposure period, not
only the system is positioned in the right place with a correct velocity, but is pointing in
the correct direction and/or to correct higher order boundary conditions as for example
acceleration. This is essentially creating a smooth or continuous curve at the beginning of
a scanning portion of the trajectories 701, 702 and may provide a scan velocity that mini-
mises errors such as a positional overshoot, for example. Whereas smooth assumes all de-
rivatives to be continuous, in the present context one may prefer have the curve defined
based on continuity. It is preferred to have a continuity of order 0 at least, but order 1 and

higher is desired.

During the exposure periods the trajectories 701, 702 are defined by corrections needed
by the systems and/or by the customer. Between the exposure period, i.e. during the non-

exposure periods, the trajectories 701, 702 are defined so as to minimise position errors. In
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addition to instead of minimising positional errors, other targets for the control system
may also apply, such as to minimise acceleration, to minimise jerk, to minimise maximum
actuator force and/or to minimise the total power required. Such alternative targets could
simplify system requirements, allowing to use smaller actuators, creating a smaller total

heat load or a heat load that is overall more stable.

Fig. 8, which closely corresponds to Fig. 7, shows in graphs 801, 802 the (residual) control
error at the point of interest, i.e. the relevant point of the scanning optical element 40, for

trajectories 701, 702 in Fig. 7

Compared to other techniques for fitting over a scan, polynomial fitting is considered to
have a number of advantages, although other fitting methods such as defined time inter-
vals between scans may also be considered. A polynomial fitting usually delivers a guaran-
teed solution to the given problem, may be simply extended, costs a reasonable amount

of calculation time and delivers a smooth/continuous solution.

There are several ways to define a desired trajectory route. When the start and end point
conditions are defined for defined time segment like the non-exposure period, one can
define a polynomial over the entire segment, using non-boundary conditions. Alterna-
tively, one can also break up a segment into defined time intervals. The defined time inter-
vals are discrete time intervals having a fixed length of time or having varying but pre-de-
fined time lengths. Conditions may then be set within these intervals separately. These in-
tervals may be blended together for instance with additional rules about their smoothness

and how they fit together.

Other possible options for fitting/interpolation besides polynomial may be trigonometric,

exponential, or Fourier based.

Further general options for interpolation besides polynomial functions may be B-splines or

cubic splines.

There is a variety of options for defining trajectories and interpolating from points, but

how one defines the trajectory and/or fit depends on the goal of the motion. Usually one
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has to decide whether the accuracy of the path is most important overall, whether the ac-
curacy only at certain points along the paths is important, whether the minimised travel-
ling time is important, etc. Further, the complexity of calculation and of implementation

may also be relevant.

The optimisation/maximisation of certain parameters for a given exposure period trajec-
tory may be achieved by setting a maximum error for each exposure segment, and then
defining the trajectory for the non-exposure periods between the already given trajecto-
ries for the exposure segments such that the maximum error is not exceeded. On the
other hand, it may be preferred that some exposure trajectories (corresponding to expo-
sure fields, e.g. dies) have even better performance at the expense of other exposure tra-
jectories. Accordingly, one may define the optimisation differently. For example, it may be
required that 100% of all exposure trajectories are within a given specification A. Another
example may be that 100% of the exposure segments are within specification B wherein
specification B is less strict than specification A. But at the same time XX % are also within

a specification C wherein specification C is tighter than specification A.

The fitting of the trajectories may be performed before a series of exposure periods and
may be redefined based on measurements occurring between such series of exposure pe-

riods. The series of exposure periods may for example be a wafer.
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CLAIMS

A method for controlling an optical element of an optical arrangement for a micro-
lithographic projection exposure apparatus, the method comprising:

- providing an optical element and at least one actuator configured to move
and/or deform the optical element in at least one degree of freedom,

- controlling movement and/or deformation of at least one point of the opti-
cal element along a trajectory during at least one exposure trajectory seg-
ment and during at least one non-exposure trajectory segment, wherein

- the non-exposure trajectory segment is defined such that at least one of the
following parameters is minimized along the exposure trajectory segment
and/or a total trajectory segment:

control error, actuator force, power.

The method of claim 1, wherein at least one of the parameters is minimized along
the non-exposure trajectory segment.

The method of claim 1 or 2, wherein at least one of the parameters is minimized
along all trajectory segments.

The method of one of the preceding claims, wherein more than one of the parame-
ters and/or more than one of the parameter types are used.

The method of one of the preceding claims, wherein the exposure trajectory seg-
ment and/or the non-exposure segment is a polynomial fit or a spline fit.

The method of claim 5, wherein the polynomial fit or the spline fit of the exposure
trajectory is of a linear/second order or higher.

The method of claim 5, wherein the polynomial fit or the spline fit of the non-expo-
sure trajectory is of order six or higher.

The method of one of the preceding claims, wherein two segments are concate-
nated, wherein the resulting concatenated segment is of differentiability class C°.

The method of claim 8, wherein the resulting concatenated segment is of differen-
tiability class C", wheren =1 ... 6.

The method of one of the preceding claims, wherein the optical element is con-
trolled by a feedback control and/or by a feedforward control concerning the pa-
rameter.

The method of one of the preceding claims, wherein the at least one point of the
optical element is a point of interest of the optical element.
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12. A microlithographic projection exposure apparatus comprising an optical element,
at least one actuator configured to move and/or deform the optical element in at
least one degree of freedom and a control device, wherein the control device is
adapted to perform at least one of the preceding methods.

13.  The apparatus of claim 12, wherein the optical element is a mirror having a mirror
substrate and a reflection region formed on a surface of the mirror substrate.
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