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(57) Abstract: A lithographic apparatus comprises a substrate table (WT) con-
figured to hold a substrate (W), a projection system (6) configured to project a
patterned radiation beam onto a target portion of the substrate, the projection

/ system having a focal plane, a manipulator (2) comprising a plate and at least

FIG. 2

one actuator operable to deform the plate thereby to alter a shape of the focal
plane, and a controller configured to control operation of the at least one actu-
ator thereby to control curvature of the focal plane.
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LITHOGRAPHIC APPARATUS, MANIPULATOR SYSTEM AND METHOD OF
CONTROLLING CURVATURE OF A FOCAL PLANE

CROSS REFERENCE TO RELATED APPLICATIONS
[001] This application claims priority of EP application 15156219.6 which was filed on 2015-

Feb-24 and which is incorporated herein in its entirety by reference.

FIELD
[0002] The present invention relates to a lithographic apparatus, and associated

manipulator and method, and the control of a focal plane of the lithographic apparatus.

BACKGROUND

[0003] A lithographic apparatus is a machine that applies a desired pattern onto a target
portion of a substrate. Lithographic apparatus can be used, for example, in the manufacture
of integrated circuits (ICs). In that circumstance, a patterning device, which is alternatively
referred to as a mask or a reticle, may be used to generate a circuit pattern corresponding to
an individual layer of the IC, and this pattern can be imaged onto a target portion (e.g.
comprising part of, one or several dies) on a substrate (e.g. a silicon wafer) that has a layer of
radiation-sensitive material (resist). In general, a single substrate will contain a network of
adjacent target portions that are successively exposed. Known lithographic apparatus include
so-called steppers, in which each target portion is irradiated by exposing an entire pattern
onto the target portion in one go, and so-called scanners, in which each target portion is
irradiated by scanning the pattern through the beam in a given direction (the “scanning”-
direction) while synchronously scanning the substrate parallel or anti parallel to this
direction.

[0004] As the required sizes of features formed using lithographic techniques become
smaller, there are increasingly stringent requirements for the accuracy and resolution of the
lithographic apparatus. In general it is desired that the substrate is positioned precisely at the
focal plane of a projection system of the lithographic apparatus such that a sharp image
obtained from the patterning device is formed across the whole of the substrate surface.
[0005] In practice, the surface of the substrate may not be perfectly flat, for example due
to edge roll-off effects in which manufacturing constraints mean that there can be variations
in the shape or thickness of the substrate at edge regions of the substrate, for example within

Imm to Smm of the edge of the substrate. Such variations can mean that even if the focal
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plane were to be perfectly flat it would not coincide with the surface of the substrate over the
whole area of the substrate.

[0006] Furthermore, variation in components and operating parameters of the
lithographic apparatus itself, for example the projection optics of the lithographic apparatus,
can cause variation of the shape and position of the focal plane, such that the focal plane may
not be flat. For instance, heating effects arising from transmission of the radiation beam that
forms the image on the substrate can cause distortion of one or more components of the
projection system or other part of the lithographic apparatus, such as the reticle, which can in
turn affect the position and shape of the focal plane.

[0007] Various suggestions have been made as to how to control the curvature of the
focal plane. For example, it has been suggested to use a curved reticle to provide a curved
focal plane. However, this requires careful grabbing of the reticle in order not to induce
additional overlay effects, and for best results also requires frequent variation of the reticle
shape during radiation exposure.

[0008] It has also been suggested to manipulate the focus curvature of the lens or lenses
of the projection system. However, manipulating the curvature of lens internal mirrors is
sensitive and requires modifications in the centre of the lens. Another suggestion is based
upon varying the operational wavelength, which has a similar effect to changing a lens
curvature. However, varying the operational wavelength also induces other effects that can
only be corrected by adding other sensitive manipulation options in the centre of the lens.
[0009] Another suggestion based on manipulation of the focus requires a system with two
glass plates with varying curvature positioned directly below the reticle, where one plate
moves horizontally with respect to the other (Alvarez principle). However, such systems
require high end mechatronics and require much space.

[0010] It has also been suggested to use a system with two glass plates and a water-filled
cavity in between the plates, placed directly under the reticle, where the curvature of one
plate is varied. However, this requires a water-filled cavity directly above the lens, which
may result in a significant risk of damage.

[0011] It is known that even a single plate whose curvature is varied can result in a
variation in focus. However in the context of a lithographic apparatus it is significant that
variation in one parameter, such as focus, can also effect other optical parameters or effects.
There are various known techniques for reducing unwanted optical effects in a lithographic
system, for example represented as residual Zernike errors. However, space and performance

constraints in lithographic systems are significant, and introduction of a further component,
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for instance to control focal plane, can have significant knock-on effects on capacity to

control or reduce unwanted effects arising from other components of the system.

SUMMARY

[0012] According to an aspect of the invention, there is provided a lithographic apparatus
comprising a substrate table configured to hold a substrate, a projection system configured to
project a patterned radiation beam onto a target portion of the substrate, the projection system
having a focal plane, a manipulator comprising a plate and at least one actuator operable to
deform the plate thereby to alter a shape of the focal plane, and a controller configured to
control operation of the at least one actuator thereby to control curvature of the focal plane.
[0013] Use of a manipulator comprising a deformable plate and associated actuator(s)
may provide a particularly simple and effective way of controlling curvature of a focal plane
of a lithographic apparatus. The controller may be configured to control the curvature of the
focal plane to reduce the curvature thus to flatten the focal plane. The controller may be
configured to control the curvature of the focal plane to more closely align the focal plane
with the surface of the substrate. The manipulator comprising a deformable plate, and which
may be operable to control the curvature of the plate, may be referred to as a plate
manipulator.

[0014] The deformation of the plate by operation of the at least one actuator may cause a
change in magnification, and the apparatus may further comprise a further manipulator
operable to at least partially counteract said change in the magnification.

[0015] The combination of the manipulator and further manipulator may provide for
effective control of focal plane curvature whilst counteracting associated magnification
effects.

[0016] The further manipulator may form part of the projection system.

[0017] The further manipulator may comprise at least one movable optical element. The
controller may be configured to control movement of the movable optical element thereby to
at least partly counteract said change in magnification. The further manipulator may be
operable to move said at least one optical element, for example at least one lens of the
projection system, along an optical axis of the projection system thereby to at least partly
counteract said change in magnification.

[0018] The controlling of operation of the at least one actuator to control the curvature of
the focal plane may comprise controlling operation of the at least one actuator to reduce

curvature of the focal plane. The controlling of operation of the at least one actuator to



10

15

20

25

30

WO 2016/134862 PCT/EP2016/050145

control the curvature of the focal plane may comprise controlling operation of the at least one
actuator to control and/or reduce at least one aberration.

[0019] The controlling of operation of the at least one actuator to control focal plane
curvature may comprise controlling and/or reducing at least one focus curvature component.
The at least one focus curvature component may comprise a focus curvature component
having a single turning point, for example a single turning point for the area of the substrate.
[0020] Focal plane curvature components may be represented using Zernike polynomials,
which may vary over the image field, and the controller may be configured to operate the
actuators to control deformation of the plate manipulator, to provide desired values for, or to
reduce the values of, one or more suitable Zernike polynomials, for example including their
variation over the image field, for instance thereby to control and/or reduce at least one focus
curvature component.

[0021] A focus curvature component having a single turning point may comprise a
component for which a variation of vertical position of the focal plane with lateral position
has a single peak for the area of the substrate.

[0022] The controlling of operation of the at least one actuator to provide a desired
curvature may comprise controlling operation of the at least one actuator to control and/or
reduce said focus curvature component having a single turning point, with substantially no
other constraints.

[0023] The at least one focus curvature component may comprise at least one of a focus
curvature component having two turning points, and/or a focus curvature component having
three turning points, and/or a focus curvature component having four or more turning points.
[0024] A focus curvature component having » turning points may comprise a component
for which a variation of vertical position of the focal plane with lateral position has » turning
points (e.g. peak(s) and/or trough(s)) for the area of the substrate

[0025] The controlling of operation of the at least one actuator to control curvature of the
focal plane may comprise controlling operation of the at least one actuator to reduce focal
plane curvature.

[0026] The controlling of operation of the at least one actuator to control curvature of the
focal plane may comprise controlling operation of the at least one actuator to reduce a roll-off
effect.

[0027] The at least one actuator may comprise a plurality of actuators. The plurality of

actuators may comprise at least 5 independently operable actuators, optionally at least 10
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independently operable actuators, further optionally at least 20 independently operable
actuators.

[0028] The manipulator may have substantially no optical power when the plate is
undeformed.

[0029] The manipulator may be located at or close to a field plane, or at or close to a
conjugate of the field plane.

[0030] The at least one actuator may comprise a plurality of actuators arranged in at least
two rows of actuators around a region of the plate through which the patterned radiation
beam passes in operation.

[0031] The plate may comprise a planar plate comprising, when undeformed, opposing
substantially parallel faces through which the patterned radiation beam passes in operation.
[0032] The deformation of the plate by the actuators may cause the plate to behave as a
meniscus lens and/or to form a meniscus shape.

[0033] The controller may be configured to control operation of the at least one actuator
thereby simultaneously to both control the curvature of the focal plane and to provide at least
one further desired image effect.

[0034] The at least one further desired image effect may comprise a reduction in blurring
or image fading errors.

[0035] The manipulator may be between the projection system and the substrate table.
[0036] The lithographic apparatus may further comprise a support structure for holding a
patterning device, wherein the patterning device forms the pattern of the patterned radiation
beam, and the manipulator is between the support structure and the projection system.

[0037] In a further aspect of the invention, which may be provided independently, there is
provided a manipulator system for use with a lithographic apparatus, comprising a plate and
at least one actuator operable to deform the plate thereby to alter a shape of a focal plane of
the lithographic apparatus, and a controller configured to control operation of the actuators
thereby to control curvature of the focal plane.

[0038] In another aspect of the invention, there is provided a method of controlling
curvature of a focal plane of a lithographic apparatus comprising operating at least one
actuator to deform a plate through which a patterned radiation beam is projected, thereby to
control curvature of the focal plane.

[0039] Features in one aspect may be provided as features in any other aspect as
appropriate. For example, features of any one of a sensor, apparatus or method may be

provided as features of any one other of a sensor, apparatus or method. Any feature or
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features in one aspect may be provided in combination with any suitable feature or features in

any other aspect.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:

- Figure 1 depicts a lithographic apparatus according to an embodiment of the
invention;

- Figure 2 is a schematic illustration showing a lithographic apparatus including a
manipulator according to an embodiment;

- Figure 3 is a schematic illustration of the manipulator included in the embodiment of
Figure 2;

- Figure 4 is a schematic illustration of the lithographic apparatus of Figure 2, a plate of
the manipulator deformed to form a meniscus shape;

- Figure 5A is a plot of the simulated variation is a plot of the simulated variation of the
position of the focus in a direction perpendicular to the substrate plane as a function of
distance in a lateral direction along the plane of the substrate for the embodiment of Figures 2
and 3;

- Figure 5B is a plot of change (dx, dy) in image overlays in the x and y directions in an
xy plane aligned with the substrate surface as a function of position in the x or y direction;

- Figure 5C is a plot of the value of the Z5 Zernike polynomial as a function of lateral
position on the substrate;

- Figure 6 is a plot of the displacements of the actuators 22 used to produce the focus
correction illustrated in Figure SA;

- Figure 7 is a schematic illustration of the displacements of the actuators 22 used to

produce the focus correction illustrated in Figure 5A;
- Figure 8A is a further plot of the simulated variation of the value of the / 2 Zernike

polynomial as a function of distance in a lateral direction along the plane of the substrate, for
different fading weight values; and

- Figure 8B is a plot of Z5 penalties for a series of values of fading weight

DETAILED DESCRIPTION
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[0041] Although specific reference may be made in this text to the use of lithographic
apparatus in the manufacture of ICs, it should be understood that the lithographic apparatus
described herein may have other applications, such as the manufacture of integrated optical
systems, guidance and detection patterns for magnetic domain memories, liquid-crystal
displays (LCDs), thin film magnetic heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms “wafer” or “die” herein may be
considered as synonymous with the more general terms ‘“‘substrate” or “target portion”,
respectively. The substrate referred to herein may be processed, before or after exposure, in
for example a track (a tool that typically applies a layer of resist to a substrate and develops
the exposed resist) or a metrology or inspection tool. Where applicable, the disclosure herein
may be applied to such and other substrate processing tools. Further, the substrate may be
processed more than once, for example in order to create a multi-layer IC, so that the term
substrate used herein may also refer to a substrate that already contains multiple processed
layers.

[0042] The terms ‘radiation” and “beam” used herein encompass all types of
electromagnetic radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of
365, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a
wavelength in the range of 5-20 nm), as well as particle beams, such as ion beams or electron
beams.

[0043] The term “patterning device” used herein should be broadly interpreted as
referring to a device that can be used to impart a radiation beam with a pattern in its cross-
section such as to create a pattern in a target portion of the substrate. It should be noted that
the pattern imparted to the radiation beam may not exactly correspond to the desired pattern
in the target portion of the substrate. Generally, the pattern imparted to the radiation beam
will correspond to a particular functional layer in a device being created in the target portion,
such as an integrated circuit.

[0044] A patterning device may be transmissive or reflective. Examples of patterning
devices include masks, programmable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as binary, alternating phase-shift,
and attenuated phase-shift, as well as various hybrid mask types. An example of a
programmable mirror array employs a matrix arrangement of small mirrors, each of which
can be individually tilted so as to reflect an incoming radiation beam in different directions;

in this manner, the reflected beam is patterned.
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[0045] The support structure holds the patterning device. It holds the patterning device in
a way depending on the orientation of the patterning device, the design of the lithographic
apparatus, and other conditions, such as for example whether or not the patterning device is
held in a vacuum environment. The support can use mechanical clamping, vacuum, or other
clamping techniques, for example electrostatic clamping under vacuum conditions. The
support structure may be a frame or a table, for example, which may be fixed or movable as
required and which may ensure that the patterning device is at a desired position, for example
with respect to the projection system. Any use of the terms “reticle” or “mask” herein may
be considered synonymous with the more general term “patterning device”.

[0046] The term “projection system” used herein should be broadly interpreted as
encompassing various types of projection system, including refractive optical systems,
reflective optical systems, and catadioptric optical systems, as appropriate for example for the
exposure radiation being used, or for other factors such as the use of an immersion fluid or
the use of a vacuum. Any use of the term “projection lens” herein may be considered as
synonymous with the more general term “projection system”.

[0047] The illumination system may also encompass various types of optical
components, including refractive, reflective, and catadioptric optical components for
directing, shaping, or controlling the beam of radiation, and such components may also be
referred to below, collectively or singularly, as a “lens”.

[0048] The lithographic apparatus may be of a type having two (dual stage) or more
substrate tables (and/or two or more support structures). In such “multiple stage” machines
the additional tables may be used in parallel, or preparatory steps may be carried out on one
or more tables while one or more other tables are being used for exposure.

[0049] The lithographic apparatus may also be of a type wherein the substrate is
immersed in a liquid having a relatively high refractive index, e.g. water, so as to fill a space
between the final element of the projection system and the substrate. Immersion techniques
are well known in the art for increasing the numerical aperture of projection systems.

[0050] Figure 1 schematically depicts a lithographic apparatus according to a particular
embodiment of the invention. The apparatus comprises:

- an illumination system (illuminator) IL to condition a beam PB of radiation (e.g. UV
radiation or EUYV radiation).

- a support structure (e.g. a support structure) MT to support a patterning device (e.g. a
mask) MA and connected to first positioning device PM to accurately position the patterning

device with respect to item PL;
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- a substrate table (e.g. a wafer table) W'T for holding a substrate (e.g. a resist coated
wafer) W and connected to second positioning device PW for accurately positioning the
substrate with respect to item PL; and

- a projection system (e.g. a refractive projection lens) PL. configured to image a pattern
imparted to the radiation beam PB by patterning device MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W.

[0051] As here depicted, the apparatus is of a transmissive type (e.g. employing a
transmissive mask). Alternatively, the apparatus may be of a reflective type (e.g. employing
a programmable mirror array of a type as referred to above).

[0052] The illuminator IL receives a beam of radiation from a radiation source SO. The
source and the lithographic apparatus may be separate entities, for example when the source
is an excimer laser. In such cases, the source is not considered to form part of the
lithographic apparatus and the radiation beam is passed from the source SO to the illuminator
IL with the aid of a beam delivery system BD comprising for example suitable directing
mirrors and/or a beam expander. In other cases the source may be an integral part of the
apparatus, for example when the source is a mercury lamp. The source SO and the
illuminator IL, together with the beam delivery system BD if required, may be referred to as a
radiation system.

[0053] The illuminator II. may comprise adjusting means AM for adjusting the angular
intensity distribution of the beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as  -outer and  -inner, respectively) of the intensity distribution in a
pupil plane of the illuminator can be adjusted. In addition, the illuminator IL. generally
comprises various other components, such as an integrator IN and a condenser CO. 'The
illuminator provides a conditioned beam of radiation PB, having a desired uniformity and
intensity distribution in its cross section.

[0054] The radiation beam PB is incident on the patterning device (e.g. mask) MA, which
is held on the support structure MT. Having traversed the patterning device MA, the beam
PB passes through the lens PL, which focuses the beam onto a target portion C of the
substrate W. With the aid of the second positioning device PW and position sensor IIF (e.g.
an interferometric device), the substrate table W'T can be moved accurately, e.g. so as to
position different target portions C in the path of the beam PB. Similarly, the first positioning
device PM and another position sensor (which is not explicitly depicted in Figure 1) can be
used to accurately position the patterning device MA with respect to the path of the beam PB,

e.g. after mechanical retrieval from a mask library, or during a scan. In general, movement of
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the object tables MT and WT will be realized with the aid of a long-stroke module (coarse
positioning) and a short-stroke module (fine positioning), which form part of the positioning
device PM and PW. However, in the case of a stepper (as opposed to a scanner) the support
structure M'T may be connected to a short stroke actuator only, or may be fixed. Patterning
device MA and substrate W may be aligned using patterning device alignment marks M1, M2
and substrate alignment marks P1, P2.

[0055] The depicted apparatus can be used in the following preferred modes:

1. In step mode, the support structure MT and the substrate table WT are kept essentially
stationary, while an entire pattern imparted to the beam PB is projected onto a target portion
C in one go (i.e. a single static exposure). The substrate table WT is then shifted in the X
and/or Y direction so that a different target portion C can be exposed. In step mode, the
maximum size of the exposure field limits the size of the target portion C imaged in a single
static exposure.

2. In scan mode, the support structure MT and the substrate table WT are scanned
synchronously while a pattern imparted to the beam PB is projected onto a target portion C
(i.e. a single dynamic exposure). 'The velocity and direction of the substrate table WT
relative to the support structure MT is determined by the (de-)magnification and image
reversal characteristics of the projection system PL. In scan mode, the maximum size of the
exposure field limits the width (in the non-scanning direction) of the target portion in a single
dynamic exposure, whereas the length of the scanning motion determines the height (in the
scanning direction) of the target portion.

3. In another mode, the support structure MT is kept essentially stationary holding a
programmable patterning device, and the substrate table W'T is moved or scanned while a
pattern imparted to the beam PB is projected onto a target portion C. In this mode, generally
a pulsed radiation source is employed and the programmable patterning device is updated as
required after each movement of the substrate table WT or in between successive radiation
pulses during a scan. This mode of operation can be readily applied to maskless lithography
that utilizes programmable patterning device, such as a programmable mirror array of a type
as referred to above.

[0056] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

[0057] It is a feature of embodiments that a manipulator is also provided that can control
curvature of a focal plane of the lithographic apparatus. Such a manipulator is shown in

Figure 2, which is a schematic illustration showing a lithographic apparatus according to an
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embodiment. The lithographic apparatus of Figure 2 includes each of the components shown
in Figure 1.

[0058] It can be seen from Figure 2 that the manipulator 2 is positioned between a
patterning device stage 4 and projection system 6. A substrate stage § is also shown in Figure
2. 'The patterning device stage 4 comprises the support structure MT and patterning device
MT of Figure 1. The projection system 6 corresponds to the projection system PS/PL of
Figure 1. The substrate stage 8 comprises the substrate table W'T, the substrate W and the
positioning device PW. The other components of the embodiment of Figure 1 are also
included in the embodiment of Figure 2 but are not shown in the figure for clarity.

[0059] The embodiment of Figure 2 includes a controller 12. The controller 12 is
configured to control operation of actuators associated with the manipulator 2, in order to
control a focal plane of the apparatus at the wafer. The controller 12 may be in the form of a
dedicated control unit that is in communication with a control system (not shown) that
controls operation of the lithographic apparatus and components of the lithographic apparatus
thereby to control the lithographic process. Alternatively the controller 12 may form part of
such a control system. The controller 12 may be in the form of a computer configured to
execute at least one control algorithm, for example as represented by an executable computer
program. Alternatively or additionally, the controller 12 may comprise dedicated hardware,
software or a mixture of hardware or software. In some embodiments the controller 12 may
comprise one or more ASICS, FPGAs or other dedicated circuitry.

[0060] The manipulator 2 of the embodiment is shown schematically in Figure 3 and
comprises a planar plate 20 comprising, when undeformed, opposing substantially parallel
faces through which a patterned radiation beam can pass.

[0061] The plate 20 may be made of any suitable material that is sufficiently transparent
to the radiation used to apply the pattern to the substrate, for example radiation of a selected
wavelength within a range 4nm to 500nm, or in a range 4nm to 25nm, or in a range 100nm to
400nm or equal to one of 365nm, 248nm, 193nm, 157nm or 126nm, depending on the
particular operating parameters of the lithographic apparatus. The plate 20 is formed of
material such that it can be reversibly deformed sufficiently to provide a desired change in
focal plane without causing any significant damage to the material. The plate 20 of the
embodiment of Figure 2 is formed of glass, for example fused silica.

[0062] The plate 20 of the embodiment has a thickness of 2.8mm, and is of rectangular

shape with planar dimensions of 150 mm by 100 mm. Any other suitable thickness and
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planar dimensions may be used. For example, the thickness may be in a range Imm to 10mm
in some embodiments.

[0063] The manipulator 2 also comprises a plurality of actuators 22 arranged around a
central region of the plate 20 through which the patterned radiation beam can pass in
operation. In this embodiment, the plurality of actuators are provided in two rows around the
central region, but any other suitable arrangement of actuators can be used in alternative
embodiments.

[0064] In the embodiment of Figures 2 and 3, 40 actuators are provided and each of the
actuators is independently operable under control of the controller 12. The actuators of the
embodiment are piezoelectric actuators, each of which is operable to apply a desired force to
the plate 20 under control of the controller 12 in order to provide a desired deformation of the
plate 20. In alternative embodiments any other suitable type of actuator that can be used to
apply a precisely controlled force to the plate 20 may be provided. In some embodiments, an
actuator that is configured to apply air or other gas pressure to the plate 20 to deform the plate
20 may be used as well as or instead of piezoelectric actuators.

[0065] Any suitable number of actuators can be provided in alternative embodiments. It
has been found that by providing a sufficiently large number of independently operable
actuators, control of the shape and position of the focal plane can be improved. However, an
increased number of actuators can also produce additional complexity and additional space
requirements. In some embodiments, a smaller number of actuators is used, for example
even just a single actuator in certain embodiments.

[0066] The plate 20 is located at or near a field plane of the lithographic apparatus, or at
or near a conjugate of the field plane. By the plate 20 being located near to a field plane or
conjugate plane may be meant, for example, that there is no optical element with refractive
power between the plate and the field plane or conjugate plane. In the embodiment of
Figures 2 and 3, the plate 20 is close to the patterning device, in this case within 9mm of the
patterning device.

[0067] In operation of the embodiment of Figures 2 and 3, the controller 12 controls
operation of the actuators 22 to deform the plate 20 thereby to control curvature of the focal
plane, for example to provide a desired curvature of the focal plane at the substrate. In the
undeformed state the plate 20 has substantially no optical power. In one mode of operation,
the actuators 22 are operated to distort the plate 22 into the shape of a meniscus lens. Figure 4
illustrates schematically the embodiment of Figure 2 in which the plate 22 has been distorted

into the shape of a meniscus lens.
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[0068] Although more complex distortions of the plate 20 and/or focal plane can be
provided, in one mode of operation the controller 12 controls distortion of the plate 22 to
provide, compensate for, or reduce a smooth curvature of the focal plane in which a variation
of vertical position of the focal plane with lateral position along the plane of the substrate has
a single peak or trough for the area of the substrate. Such a variation can be referred to as a
focus curvature having a single turning point (for example, a single maximum or minimum
value of vertical position). Such a focus curvature can be obtained by suitably controlling the
distortion of the plate. It has been found that by providing a smooth curvature of the focal
plane with a single peak over the area of the substrate, significantly improved alignment of
focal plane with substrate surface can be provided, without too severe a penalty in relation to
other optical parameters, for example astigmatism or other optical aberrations.

[0069] It has been found that the use of a single deformable plate as a focus manipulator
affects the magnification of the image. In the embodiment of Figures 2 and 3, a further
manipulator is provided that is operated, by controller 12 or other control component, to
counteract at least partially the change in the magnification of the projected image at the
substrate caused by the deformation of the plate 20. It has been found that existing, known
components of projection system 6 that are used to control magnification (for example, by
moving a refractive or reflective components within the projection system along the optical
axis 6) even in the absence of the manipulator 2 can be used to control the magnification
sufficiently well to compensate adequately for the magnification changes induced by the
manipulator 2. This mechanism for controlling magnification is similar to that used in zoom
lenses in photography. Thus, in some cases the manipulator 2 can be introduced into known
lithographic apparatus, e.g. products of the ASML product line TWINSCAN NXT, without
the need to introduce additional magnification components and thus without additional space
penalty. Alternatively, in other embodiments a suitable, additional, dedicated manipulator
can be used to provide the magnification compensation.

[0070] In the embodiment of Figures 2 and 3 the movement of actuators required to
obtain a particular deformation of the plate 20, and the consequent effect of the curvature of
the focal plane is determined in accordance with an optical model based on known physical
and optical principles, and on actual measurements and calibration data of the lithographic
apparatus itself. The use of such optical models is well known in modelling and controlling
operation of lithographic apparatus, for example to determine the effect on the image of the
various optical components of the lithographic apparatus and the operation or alteration of

such components. Any suitable optical modelling technique can be used. The optical model
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can be run by the controller 12 and/or control system of the lithographic apparatus but more
commonly optical modelling would be performed in advance, and a control algorithm and/or
look-up table would be stored by the controller 12 and/or control system. Such control
algorithm and/or look-up table provides respective displacements and/or other operating
parameter(s) for each of the actuators to provide one or more desired curvatures of the focal
plane.

[0071] The actual or expected focal plane positional variation, for example focal plane
curvature, that may be present when the manipulator is present or undeformed, or in the
absence of the manipulator, can be measured or estimated, for example by examination
and/or measurement of actual substrates that have been lithographically processed using the
lithographic apparatus and patterning device in question. Alternatively or additionally an
aerial image sensor can be used to measure directly the projected image provided by the
lithographic apparatus and patterning device. If so desired, the manipulator 2 can then be
used to reduce the curvature of the focal plane that is present.

[0072] Figure 5A is a plot of the simulated variation of the position of the focus in a
direction perpendicular to the substrate plane as a function of distance in a lateral direction
along the plane of the substrate for the embodiment of Figures 2 and 3. Values are plotted for
the case where the plate 20 of the manipulator 2 is not deformed (shown as a dashed line) and
the case (shown as a dashed-dotted line) where the plate 20 is deformed under control of the
controller 12 in order to reduce the curvature of the focal plane. It can be seen that each of
the plots has a single turning point. It can also be seen that the dashed-dotted line is
significantly flatter than the dashed line and thus that operation of the manipulator by
deformation of the plane 20 does apply a curvature to the focal plane that at least partially
counteracts the focal plane curvature produced by the lithographic apparatus when the plate
20 is not deformed or is not present.

[0073] In the case of the embodiment of Figures 2 and 3, the expected focus curvature is
around 20nm/cm’ in the absence of the manipulator 2 or with no deformation of the
manipulator, which corresponds to the plotted values of the dashed line of Figure 5A.
Operation of the manipulator reduces the focal plane curvature by around 90% in this case
(reduction from a maximum value of around 10 nm to a maximum value of around 1 nm in
the plots of Figure 5A).

[0074] The operation of the plate manipulator 2 also affects image overlays. Figure 5B is
a plot of changes (dx, dy) in image overlays in the x (and y) directions in an xy plane aligned

with the substrate surface as a function of position in the x (or y) direction, caused by
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operation of the plate manipulator 2 to produce the reduction in focus curvature shown in
Figure 5A according to the model. It can be seen that the maximum offset penalty is around
0.25nm. In the system under consideration, as a guideline an offset penalty 0.1 nm for each 1
nm of focus correction is allowable. In this case around 9 nm of focus correction is obtained
for around 0.25 nm of offset penalty, which is clearly within the guideline tolerance.

[0075] The operation of the manipulator 2 also affects astigmatism properties of the

image. In optical analysis the astigmatism can be represented by the value of the Z; Zernike

polynomial. Figure 5C is a plot of the value of the Z; Zernike polynomial as a function of

lateral position on the substrate, caused by operation of the plate manipulator 2 to produce the
reduction in focus curvature shown in Figure SA according to the model. It can be seen that
the maximum magnitude of the Z; polynomial is around 0.45 nm, which leads to around
1.15 nm of astigmatism. That is within acceptable bounds for the system under
consideration.

[0076] Figure 6 is a plot of the displacements of the actuators 22 used to produce the
focus correction illustrated in Figure 5SA. The maximum actuator displacements needed to
produce a desired focus correction can be important parameters in practice, as there will be
limits on the maximum displacement that is allowable or achievable in a practical
lithographic apparatus. In this case, it can be seen that the maximum displacement of any of
the actuators to achieve the desired focus correction is around 1.5 pm according to the model.
That compares to the maximum displacement that would reasonably be allowed for the
system in question of around 1.8 pm. Thus, the displacements are within tolerance. The
corresponding displacements of actuators associated with the further manipulator to achieve
the desired magnification compensation have a maximum of around 3.5 pm/urad, which is
less than the maximum allowed limit of around 5 um/urad to be within tolerance for the
system in question.

[0077] Figure 7 is a schematic illustration of the displacements of the actuators 22 used to
produce the focus correction illustrated in Figure 5A. In this case, the relative position and
displacement of each of the actuators relative to the position of the central area (e.g. slit) of
the plate manipulator through which the radiation passes in operation to form an image on the
substrate, are shown as three dimensional square columns.

[0078] It has been found, as shown in Figures SA to 5C for example, that use of a plane
manipulator 2, with associated magnification compensation using a further magnification

manipulator, can lead to a significant improvement of focus variation, and significant
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flattening of the focal plane to compensate, for example, for roll-off effects whilst producing
astigmatism variations and actuator displacements that are within acceptable bounds.

[0079] The model used to produce the produce the results of Figures SA to 5C has also
been applied to the case where there are 40 actuators, but not are all independently actuatable,
for example to the case where the 40 actuators are divided into 10 independently actuatable
groups of actuators. In that case, it has been found that the reduction in focal plane curvature
is lower than that obtained when all 40 actuators are independently actuatable.

[0080] The reduction in focal plane curvature illustrated in Figure 5A was obtained by
controlling operation of the actuators 22 to deform the plate manipulator 2 to provide or
compensate for a smooth curvature of the focal plane, and a variation of vertical position of
the focal plane relative to the plane of the substrate with lateral position along the plane of the
substrate having a single turning point (e.g. single peak or single trough) for the area of the
substrate.

[0081] The focal plane curvature can be thought of as comprising several focal plane
curvature components, with the variation of vertical position of the focal plane relative to the
plane of the substrate with lateral position along the plane of the substrate having a single
turning point (e.g. single peak or trough) over the area of the substrate mentioned in the
preceding paragraph being one such component. Other more complex focal plane curvature
components may also be present, and the overall focal plane curvature may be represented by
the sum or combination of such components.

[0082] In alternative embodiments or modes of operation, the plate manipulator 2 may be
deformed in order to control the focal plane to vary more frequently over the lateral position
of the substrate. In one embodiment the controller controls the manipulator to provide or
compensate for a focal plane variation having two or more turning points for the area of the
substrate, for example a focal plane curvature component having a peak and a trough over the
lateral position of the field such as an S-shaped variation. However, in the case of the
embodiment of Figure 2, it was found that this would result in a reduction of the focal plane
curvature represented by such an S-shape of only around 50%, from 5Snm to 2.5 nm, for an
additional 0.18 nm overlay penalty. For the system in question, the overlay penalty may be
considered too high for the reduction in focal plane curvature. However, in alternative
embodiments it may be chosen to control such focus planes varying more frequently over the
lateral position of the substrate.

[0083] In some embodiments, the or modes of operation, the plate manipulator 2 may be

deformed under control of the controller and actuators in order to provide or compensate for a
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focal plane curvature components having more than two turning points, for example focal
plane curvature components having three, four or any other desired number of turning points
for the areas of the substrate.

[0084] In some embodiments, focal plane curvature components may be represented
using zernike polynomials, and the controller may be configured to operate the actuators to
control deformation of the plate manipulator, to provide desired values for, or to reduce the
values of, one or more selected Zernike polynomials. In some embodiments, each focal plane
curvature component has a respective, corresponding Zernike polynomial, which may vary
over the image.

[0085] The reduction in focal plane curvature illustrated in Figure SA was also obtained
by controlling operation of the actuators 22 to deform the plate manipulator 2 to control the
focus curvature for the optical system without being constrained to take into account blurring
effects, as represented for example by fading weights. In alternative embodiments, if the
operation of the actuators 22 to deform the plate manipulator 2 is controlled by the controller
12 to take into account and attempt to compensate for blur effects as represented by fading
weights, it has been found that in the case of the embodiment of Figure 2 the reduction in
focal plane curvature that can be obtained is reduced from around 90% to around 60%, and
that the astigmatism penalty also increases.

[0086] Figure 8A is a similar plot to that of Figure 5A, and again is a plot of the
simulated variation of the position of the focus in a direction perpendicular to the substrate
plane as a function of distance in a lateral direction along the plane of the substrate for the
embodiment of Figures 2 and 3. Values are plotted for the case where the plate 20 of the
manipulator 2 is not deformed and thus has no optical power, shown as a dashed line 30
(which corresponds to the dashed line of Figure 5A), for a further case (shown as a dashed-
dotted line 32) where the plate 20 is deformed under control of the controller 12 in order to
reduce the curvature of the focal plane and in which the fading weight is set to zero, thus not
taking into account blurring effects and only taking into account the focal plane curvature.
Dashed-dotted line 32 corresponds to the dashed-dotted line of Figure 5A. Various
intermediate cases are also plotted as dashed and/or dotted lines, in which plate 20 is
deformed under control of the controller 12 in order to reduce the curvature of the focal plane
and in which the fading weight is set to various, increasing values thus ensuring that the
deformation of the plate 20 also attempts to compensate for blur effects represented by the
fading weights as well as the focal plane curvature. As the fading weight is increased the

reduction in focal plane curvature gradually decreases from 90% to around 60%. The
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astigmatism penalty and overlay (dx, dy) penalty also increase as the fading weights increase.
The Z; penalties are plotted in Figure 8B for a series of fading weights, with the maximum
penalty for the maximum fading weight. As the fading weight is increased, blur effects
decrease.

[0087] The embodiment of Figure 2, when controlled as described in relation to Figure 5
to 8, can achieve a 90% reduction in focal plane curvature, with acceptable penalties for
astigmatism and other image effects, and with acceptable actuator displacements, when
deformation of the planar manipulator 2 is controlled to control the focus curvature without
being constrained to control other imaging components and/or aberrations, for example
astigmatism or blur effects, and when a further, magnification manipulator is used to
compensate for magnification effects. Thus, roll-off effects or other focal plane curvature
effects may effectively be reduced by suitable operation of the planar manipulator.

[0088] In other embodiments, the deformation of the planar manipulator may be
controlled to control other imaging components, for example other Zernike polynomials or
blur effects, as well as or instead of the focus curvature, although this may reduce the
reduction in overall focal plane curvature that may be achieved.

[0089] While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. The description

is not intended to limit the invention.
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CLAIMS:

1. A lithographic apparatus comprising:

a substrate table configured to hold a substrate;

a projection system configured to project a patterned radiation beam onto a target
portion of the substrate, the projection system having a focal plane;

a manipulator comprising a plate and at least one actuator operable to deform the plate
thereby to alter a shape of the focal plane; and

a controller configured to control operation of the at least one actuator thereby to

control curvature of the focal plane.

2. A lithographic apparatus according to Claim 1, wherein the deformation of the plate
by operation of the at least one actuator causes a change in magnification, and the apparatus
further comprises a further manipulator operable to at least partially counteract said change in

the magnification.

3. A lithographic apparatus according to Claim 2 wherein the further manipulator forms

part of the projection system.

4. A lithographic apparatus according to Claim 3, wherein the further manipulator
comprises at least one movable optical element, and the controller is configured to control
movement of the movable optical element thereby to at least partly counteract said change in

magnification.

5. A lithographic apparatus according to any preceding claim, wherein the controlling of
operation of the at least one actuator to control the curvature of the focal plane comprises
controlling operation of the at least one actuator to control and/or reduce at least one optical

aberration.

6. A lithographic apparatus according to any preceding claim, wherein the controlling of
operation of the at least one actuator to control the curvature of the focal plane comprises

controlling operation of the at least one actuator to reduce curvature of the focal plane.
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7. A lithographic apparatus according to any preceding claim, wherein the controlling of
operation of the at least one actuator to control focal plane curvature comprises controlling

and/or reducing at least one focus curvature component.

8. A lithographic apparatus according to Claim 7, wherein the at least one focus

curvature component is a focus curvature component having a single turning point.

0. A lithographic apparatus according to Claim 8, wherein the controlling of operation of
the at least one actuator to provide a desired curvature comprises controlling operation of the
at least one actuator to control and/or reduce said focus curvature component having a single

turning point, with substantially no other constraints.

10. A lithographic apparatus according to Claim 7 or 8, wherein the at least one focus
curvature component comprises at least one of a focus curvature component having two
turning points, and/or a focus curvature component having three turning points, and/or a

focus curvature component having four or more turning points.

11. A lithographic apparatus according to any preceding claim, wherein the controlling of
operation of the at least one actuator to control curvature of the focal plane comprises

controlling operation of the actuators to reduce a roll-off effect.

12. A lithographic apparatus according to any preceding claim, wherein the at least one

actuator comprises a plurality of actuators.

13. A lithographic apparatus according to Claim 12, wherein the plurality of actuators
comprises at least 5 independently operable actuators, optionally at least 10 independently

operable actuators, further optionally at least 20 independently operable actuators.

14. A lithographic apparatus according to any preceding claim, wherein the manipulator

has substantially no optical power when the plate is undeformed.

15. A lithographic apparatus according to any preceding claim, wherein the manipulator

is located at or close to a field plane, or at or close to a conjugate of the field plane.
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16. A lithographic apparatus according to any preceding claim, wherein the at least one
actuator comprises a plurality of actuators arranged in at least two rows around a region of

the plate through which the patterned radiation beam passes in operation.

17. A lithographic apparatus according to any preceding claim, wherein the plate
comprise a planar plate comprising, when undeformed, opposing substantially parallel faces
through which the patterned radiation beam passes in operation.

18. A lithographic apparatus according to any preceding claim, wherein the deformation

of the plate by the actuators causes the plate to form a meniscus shape.

19. A lithographic apparatus according to any preceding claim, wherein the controller is
configured to control operation of the at least one actuator thereby simultaneously to both
control the curvature of the focal plane and to provide at least one further desired image

effect.

20. A lithographic apparatus according to Claim 19, wherein the at least one further

desired image effect comprises a reduction in blurring or image fading errors.

21. A lithographic apparatus according to any preceding claim, wherein the manipulator

is between the projection system and the substrate table.

22. A lithographic apparatus according to any preceding claim, further comprising a
support structure for holding a patterning device, wherein the patterning device forms the
pattern of the patterned radiation beam, and the manipulator is between the support structure

and the projection system.

23. A manipulator system for use with a lithographic apparatus, comprising:-

a plate and at least one actuator operable to deform the plate thereby to alter a shape
of a focal plane of the lithographic apparatus; and

a controller configured to control operation of the at least one actuator thereby to

control curvature of the focal plane.
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24. A method of controlling curvature of a focal plane of a lithographic apparatus

comprising operating at least one actuator to deform a plate through which a patterned

radiation beam is projected, thereby to control curvature of the focal plane.
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