wo 2014/012729 A1 I} TN 0O OO A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/012729 A1l

23 January 2014 (23.01.2014) WIPOIPCT
(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
GO3F 7/20 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. L i DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
PCT/EP2013/062629 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
18 June 2013 (18.06.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
- ) SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available). ARIPO (BW, GH,
61/673,054 18 July 2012 (18.07.2012) US GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicant: ASML NETHERLANDS B.V. [NL/NL]; P.O. TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Box 324, NL-5500 AH Veldhoven (NL). EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
, . N . MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
(72) Inventors: BOON, Fidelus, Adrianus; Pastoor Leijten TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW.
straat 46, NL-4854 KP Bavel (NL). FISCHER, Olof, KM, ML, MR, NE, SN, TD, TG)
Martinus, Josephus; Langpad 19, NL-5509 LV Veld- i ? T T T ’
hoven (NL). Published:
(74) Agent: VERDONK, Peter; P.O. Box 324, NL-5500 AH with international search report (Art. 21(3))
Veldhoven (NL). with amended claims (Art. 19(1))
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

(54) Title: MAGNETIC DEVICE AND LITHOGRAPHIC APPARATUS

FP\

|

:/CA

| AP MP2  RD
=4 L

|

. MP1 <
!

i

!

!

Figure 4

(57) Abstract: A magnetic device, comprising a first part
(FP), a second part (SP), a first magnetic part (MP1) coupled
to the first part and having a first magnetic polarization, a
second magnetic part (MP2) coupled to the second part and
having a second magnetic polarization and an additional mag-
netic part (AMP) coupled to the first part and having an addi-
tional magnetic polarization, wherein the first magnetic part
and the second magnetic part are configured to magnetically
interact with each other, wherein the first magnetic part exerts
a first force on the second magnetic part, the second magnetic
part exerts a second force on the first magnetic part and the
first force and the second force have opposite directions that
are parallel to a reference direction (RD), the first magnetic
polarization is substantially parallel to the reference direction,
the second magnetic polarization is substantially perpendicu-
lar to the reference direction, the additional magnetic polariz-
ation makes an angle with the first magnetic polarization and
the angle has a magnitude in a range of about 90° to about
270°.
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MAGNETIC DEVICE AND LITHOGRAPHIC APPARATUS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of US provisional application 61/673,054 which

was filed on July 18, .2012, and which is incorporated herein in its entirety by reference.

FIELD
[0002] The present invention relates to a magnetic device and a lithographic apparatus

comprising the magnetic device.

BACKGROUND

[0003] A lithographic apparatus is a machine that applies a desired pattern onto a substrate,
usually onto a target portion of the substrate. A lithographic apparatus can be used, for example,
in the manufacture of integrated circuits (ICs). In such a case, a patterning device, which is
alternatively referred to as a mask or a reticle, may be used to generate a circuit pattern to be
formed on an individual layer of the IC. The patterning device may be supported by a patterning
device support. The pattern can be transferred onto a target portion (e.g., including part of, one,
or several dies) on a substrate (e.g., a silicon wafer) that may be supported by a substrate table.
Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive material (resist)
provided on the substrate. In general, a single substrate will contain a network of adjacent target
portions that are successively patterned. Conventional lithographic apparatus include so-called
steppers, in which each target portion is irradiated by exposing an entire pattern onto the target
portion at once, and so-called scanners, in which each target portion is irradiated by scanning the
pattern through a radiation beam in a given direction (the “scanning”-direction) while
synchronously scanning the substrate parallel or anti-parallel to this direction. It is also possible
to transfer the pattern from the patterning device to the substrate by imprinting the pattern onto
the substrate.

[0004] The lithographic apparatus may be provided with a magnetic device for providing a
force in a reference direction between a first part of the magnetic device and a second part of the
magnetic device. Figure 2a depicts a known magnetic device for use in the lithographic
apparatus. The magnetic device comprises a first magnetic part coupled to the first part and

having a first magnetic polarization and a second magnetic part coupled to the second part and
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having a second magnetic polarization. The first magnetic part and the second magnetic part are
configured to magnetically interact with each other. The first magnetic part exerts a first force on
the second magnetic part and the second magnetic part exerts a second force on the first
magnetic part. The first force and the second force may have opposite directions that are parallel
to a reference direction. Note that magnetic polarization is a vector field, i.e. it has both direction
and magnitude, therefore the addition ‘direction’ in relation to magnetic polarization is omitted.
The first magnetic polarization is substantially parallel to the reference direction and may be
directed in an upward direction (e.g., as indicated in the first magnetic part MP1 by the arrow).
The second magnetic part may have a second magnetic polarization that is substantially
perpendicular to the reference direction. The force between the first magnetic part MP1 and the
second magnetic part MP2 may be used to compensate for a gravitational force. In such an
embodiment the magnetic device may be suitable to be used as a so-called gravity compensator.
[0005] The first magnetic part MP1 may be connected to the substrate table to support against
the gravitational force. The first magnetic part MP1 may be connected to a patterning device
support (e.g., mask table MT) to support it against the gravitational force. The gravity
compensator may be provided to other components of the lithographic apparatus (e.g., lens
elements, metrology frame, stages and more in general each component that is passively and/or
actively held at a desired position) to provide support against the gravitational force while,
preferably, it also dynamically isolates the components of the lithographic apparatus from
vibrations from the surrounding of the apparatus.

[0006] Electromagnetic devices (e.g., motors) in general can be characterized by a parameter
known as ‘motor constant’. This constant defines a relation between an electromagnetic device
input and an electromagnetic device output, and in case of a Lorentz actuator the electromagnetic
device input is usually a current carried by an electrically conductive element (e.g., a coil CL)
and the electromagnetic device output is usually an exerted force as function of the current.
Figure 2b depicts another known electromagnetic device including an electrically conductive
element for use in a lithographic apparatus. Most of the time, the value of the motor constant is
assumed to be a constant, explaining the name ‘motor constant’. Thus, when a person skilled in
the art assumes the motor constant to be constant, he/she actually assumes the value of the motor
constant to be the constant average portion. One of the possible causes for the variation of the

value of the motor constant of a Lorentz actuator can be position dependency due to position
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dependent variations of the magnetic field strength and/or magnetization direction/orientation of
the magnets.

[0007] The magnetic field caused by the magnetic interaction between the first magnetic
part MP1 and the second magnetic part MP2 may extend outside the magnetic device and may
disturb another part (e.g., another part of the lithographic apparatus). Figure 3 depicts a graph of
the strength of the magnetic field (in Tesla) outside the magnetic device of figure 2a at a fixed
distance (DST) of 39 mm in z-direction above the gravity compensator (indicated as level LVL
in Figure 2a) and in dependency of the distance in R-direction (in millimeters) with respect to a
center axis (being parallel to the reference direction) and extending through the center of the
magnetic parts MP1. The maximum strength of the magnetic field outside the gravity
compensator may be too high. Additionally the position dependency of the value of the motor

constant of the magnetic device may also be too high.

SUMMARY

[0008] It is desirable to provide an improved magnetic device.

[0009] According to an embodiment, there is provided a magnetic device, comprising a first
part, a second part, a first magnetic part coupled to the first part and having a first magnetic
polarization, a second magnetic part coupled to the second part and having a second magnetic
polarization and an additional magnetic part coupled to the first part and having an additional
magnetic polarization, wherein the first magnetic part and the second magnetic part are
configured to magnetically interact with each other, wherein: the first magnetic part exerts a first
force on the second magnetic part, the second magnetic part exerts a second force on the first
magnetic part and the first force and the second force have opposite directions that are parallel to
a reference direction, the first magnetic polarization is substantially parallel to the reference
direction, the second magnetic polarization is substantially perpendicular to the reference
direction, the additional magnetic polarization makes an angle with the first magnetic
polarization and the angle has a magnitude in a range of about 90° to about 270°.

[0010] In yet another embodiment, there is provided a lithographic apparatus comprising a
support structure configured to support a patterning device, the patterning device configured to

pattern a radiation beam to form a patterned beam of radiation, a substrate table configured to
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support a substrate, a projection system configured to project the patterned beam of radiation

onto the substrate and a magnetic device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] 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:

[0012] Figure 1 depicts a lithographic apparatus according to an embodiment of the invention;
[0013] Figure 2a depicts an magnetic device for use in the lithographic apparatus of Figure 1
according to the prior art;

[0014] Figure 2b depicts another magnetic device for use in the lithographic apparatus of Figure
I according to the prior art.

[0015] Figure 3 depicts a graph of the strength of the magnetic field outside the magnetic device
of Figure 2a at a certain level;

[0016] Figure 4 depicts an magnetic device according to a first embodiment of the invention for
use in the lithographic apparatus of Figure 1;

[0017] Figure 5 depicts an magnetic device according to a second embodiment of the invention
for use in the lithographic apparatus of Figure 1;

[0018] Figure 6 depicts a graph of the strength of the magnetic field outside the magnetic device
of Figure 5 at a certain level;

[0019] Figure 7 depicts a magnetic device according to a third embodiment of the invention;
[0020] Figure 8 depicts a magnetic device according to a fourth embodiment of the invention;
[0021] Figure 9 depicts a magnetic device according to a fifth embodiment of the invention;

[0022] Figure 10 depicts a magnetic device according to a sixth embodiment of the invention;

DETAILED DESCRIPTION

[0023] Figure 1 schematically depicts a lithographic apparatus according to one embodiment of

the invention. The apparatus includes an illumination system (illuminator) IL configured to
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condition a radiation beam B (e.g., UV radiation or any other suitable radiation), a support
structure (e.g., a mask table) MT constructed to support a patterning device (e.g., a mask) MA
and connected to a first positioning device PM configured to accurately position the patterning
device in accordance with certain parameters. The apparatus also includes a substrate table (e.g.,
a wafer table) WT or "substrate support” constructed to hold a substrate (e.g., a resist-coated
wafer) W and connected to a second positioning device PW configured to accurately position the
substrate in accordance with certain parameters. The apparatus further includes a projection
system (e.g., a refractive projection lens system) PS configured to project a pattern imparted to
the radiation beam B by patterning device MA onto a target portion C (e.g., including one or
more dies) of the substrate W,

[0024] The support structure supports, i.e., bears the weight of, the patterning device. It holds the
patterning device in a manner that depends 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 structure can use mechanical,
vacuum, electrostatic or other clamping techniques to hold the patterning device. The support
structure may be a frame or a table, for example, which may be fixed or movable as required.
The support structure 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.”

[0025] The term “projection system” used herein should be broadly interpreted as encompassing
any type of projection system, including refractive, reflective, catadioptric, magnetic,
electromagnetic and electrostatic optical systems, or any combination thereof, as appropriate for
the exposure radiation being used, or for other factors such as the use of an immersion liquid 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”.

[0026] 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, or employing a reflective mask).

[0027] The lithographic apparatus may be of a type having two (dual stage) or more substrate
tables or "substrate supports” (and/or two or more mask tables or "mask supports"). In such

“multiple stage” machines the additional tables or supports may be used in parallel, or
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preparatory steps may be carried out on one or more tables or supports while one or more other
tables or supports are being used for exposure.

[0028] The lithographic apparatus may also be of a type wherein at least a portion of the
substrate may be covered by a liquid having a relatively high refractive index, e.g., water, so as
to fill a space between the projection system and the substrate. An immersion liquid may also be
applied to other spaces in the lithographic apparatus, for example, between the patterning device
(e.g., mask) and the projection system. Immersion techniques can be used to increase the
numerical aperture of projection systems. The term “immersion” as used herein does not mean
that a structure, such as a substrate, must be submerged in liquid, but rather only means that a
liquid is located between the projection system and the substrate during exposure.

[0029] The radiation beam B is incident on the patterning device (e.g., mask) MA, which is held
on the support structure (e.g., mask table) MT, and is patterned by the patterning device. Having
traversed the patterning device (e.g., mask) MA, the radiation beam B passes through the
projection system PS, 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 IF (e.g., an interferometric
device, linear encoder or capacitive sensor), the substrate table WT can be moved accurately,
e.g., so as to position different target portions C in the path of the radiation beam B. 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 (e.g., mask) MA with respect
to the path of the radiation beam B, e.g., after retrieval from a mask library, or during a scan. In
general, movement of the support structure (e.g., mask table) MT may be realized with the aid of
a long-stroke module (coarse positioning) and a short-stroke module (fine positioning), which
form part of the first positioning device PM. Similarly, movement of the substrate table WT or
"substrate support" may be realized using a long-stroke module and a short-stroke module, which
form part of the second positioner PW.

[0030] 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, flat-panel displays, liquid-
crystal displays (LCDs), thin-film magnetic heads, etc. The skilled person will appreciate that, in

the context of such alternative applications, any use of the terms “wafer” or “die” herein may be
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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), a metrology tool and/or an 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.

[0031] Although specific reference may have been made above to the use of embodiments of the
invention in the context of optical lithography, it will be appreciated that the invention may be
used in other applications, for example imprint lithography, and where the context allows, is not
limited to optical lithography. In imprint lithography a topography in a patterning device defines
the pattern created on a substrate. The topography of the patterning device may be pressed into a
layer of resist supplied to the substrate whereupon the resist is cured by applying electromagnetic
radiation, heat, pressure or a combination thereof. The patterning device is moved out of the
resist leaving a pattern in it after the resist is cured.

[0032] The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g., having a wavelength of or about 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.

[0033] The term “lens”, where the context allows, may refer to any one or combination of
various types of optical components, including refractive, reflective, magnetic, electromagnetic
and electrostatic optical components.

[0034] Figure 4 shows a magnetic device according to an embodiment of the invention. The
magnetic device comprises a first magnetic part MP1 coupled to a first part FP of the magnetic
device and having a first magnetic polarization that is substantially parallel to the reference
direction RD and a second magnetic part MP2 coupled to a second part SP of the magnetic
device and having a second magnetic polarization that is substantially perpendicular to the
reference direction RD. The first magnetic part MP1 and the second magnetic part MP2 are
configured to magnetically interact with each other wherein the first magnetic part MP1 exerts a

first force on the second magnetic part MP2, the second magnetic part MP2 exerts a second force
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on the first magnetic part MP1 and the first force and the second force have opposite directions
that are parallel to the reference direction RD. The magnetic device further comprises an
additional magnetic part AMP having an additional magnetic polarization making an angle with
the first magnetic polarization, the angle having a magnitude in range of about 90 to about 270
degrees (note that an angle of 180 degrees is shown in Figure 4), wherein the additional magnetic
part AMP is being coupled to the first part FP of the magnetic device. Placing the additional
magnetic part AMP in such a way may provide a lower magnetic stray field outside the magnetic
device as the additional magnetic part AMP reduces at least a part of the magnetic flux of the
first magnetic part MP1 outside the magnetic device in the direction of the first part FP in
comparison with known magnetic devices (as shown and described with reference to Figure 2a
and Figure 2b). A further advantage of the additional magnetic part AMP according to the
invention is that the flux density at the position of the second magnetic part MP2 is higher in
comparison with known electromagnetic devices, resulting in increased forces in the reference
direction between the first magnetic part MP1 and the second magnetic part MP2. Consequently
a smaller (and lighter) first magnetic part MP1 may be used to exert a similar force compared
with the known electromagnetic devices, possibly enabling reduction of the total weight of the
magnetic device. Placing an additional magnetic part AMP above the first magnetic part MP1 in
the reference direction towards the first part FP of the magnetic device according to the invention
reduces the magnetic stray field near that outside of the first part FP of the magnetic device,
whereas placing an additional magnetic device AMP below the first magnetic part MP1 in an
opposite direction to the reference direction RD towards the second part SP of the magnetic
device increases the flux density at the position of the second magnetic part MP2. However this
also increases the magnetic stray field outside the magnetic device at the outside near the second
part SP of the magnetic device. Additionally, it also possible to place two additional magnetic
parts AMP11 and AMP12 (as shown in Figure 5) to reduce the magnetic stray field outside the
magnetic device near the outside of the first part FP of the magnetic device while increasing the
flux density at the position of the second magnetic part MP2. In an embodiment an additional
(radial) shielding may be used to decrease the levels of the magnetic stray field outside the
magnetic device even further. In an embodiment an additional (radial) shielding may also be
used to increase the levels of the magnetic field inside the magnetic device itself. In a preferred

embodiment of the invention, the additional magnetic polarization has an angle of about 180
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degrees with respect to the first magnetic polarization. In such an embodiment the magnetic stray
field in the direction to the first part FP of the magnetic device is maximally reduced whereas the
flux density at the position of the second magnetic part MP2 is maximally increased resulting in
a more efficient magnetic device.

[0035] In a further embodiment of the invention, at least one of the first part FP of the
magnetic device and the second part SP of the magnetic device is provided with a coil assembly
comprising at least one coil (e.g., coil CL as shown in Figure 5), wherein the coil is constructed
and arranged within a magnetic circuit formed by the first magnetic part MP1, the second
magnetic part MP2 and the additional magnetic part AMP such that, upon energizing of the coil,
an additional force is exerted between the first part FP of the magnetic device and the second
part SP of the magnetic device in the reference direction. This may result in an increasing of the
total force between the first part FP of the magnetic device and the second part SP of the
magnetic device but it may also allow for compensating (e.g., unexpected) fluctuations with
respect to an pre-determined force level between the first part FP of the magnetic device and the
second part SP of the magnetic device (e.g., a steady-state setting as the magnetic device is used
as e.g., a gravity compensator). Furthermore the additional energy-dependent force may be used
during leveling or focusing of the substrate. A further advantage of the additional magnetic part
AMP is that the magnetic field strength between the first magnetic part MP1 and the second
magnetic part MP2 is increased, thereby also increasing the Steepness of the Lorentz force. The
Steepness of the Lorentz force is defined as being F*/P, wherein F is the exerted force (in N), and
P is the dissipated power (in W) to exert this force. In other words, the increase in magnetic field
strength increases the value of the motor constant and thereby increases the exerted force (motor
output) for the same current (motor input). The increased value of the motor constant also has the
benefit that, for example, the design can be made smaller for generating the same force. In an
embodiment, the force between the first part FP of the magnetic device and the second part SP of
the magnetic device may be used to compensate for a gravitational force in the reference
direction (e.g., the direction corresponding with the z-direction).

[0036] According to an embodiment of the invention the magnetic device may be provided
for use in the lithographic apparatus of Figure 1 as, e.g., a gravity compensator. The magnetic
device being suitable as a gravity compensator, wherein the reference direction RD is

substantially aligned along the axis of gravity enabling that the first force and the second force
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provide a supporting force between the first part FP of the magnetic device and the second part
SP of the magnetic device. In an embodiment at least one of the first magnetic part MP1 and the
second magnetic part MP2 is circular symmetric around an axis of symmetry and substantially
parallel to the axis of gravity. The first magnetic part MP1 and the second magnetic part MP2
may be donut shaped and the center axis CA may go through the center of the donut (as shown in
Figure 5) or in an alternative embodiment the center axis CA may, in parallel with the reference
direction, go through the center of the magnetic part MP1.

[0037] The first magnetic part MP1 may create a magnetic field in the reference direction
corresponding, for example, with the z-direction. In an embodiment the second magnetic part
MP2 may create a magnetic field in the second direction, the second direction being substantially
perpendicular to the reference direction and corresponding with the radial direction (i.e., the R-
axis of the graph as shown in Figure 6 representing the radius from the center axis CA of the
magnetic device), whereas the reference direction may correspond with the Z-axis. The example
in the graph as shown in Figure 6 represents the distance in R- and z-direction in millimeters.
[0038] As depicted in Figure 5, the magnetic polarization of the second magnetic part MP2 is
directed inwards to the center axis CA and towards the first magnetic part MP1. The magnetic
polarization of the second magnetic part MP2 may also be directed outwards, for example if the
magnetic polarization of the first magnetic part MP1 is directed downwards. As depicted in
Figure 5 two additional magnetic parts AMP11, AMP12 may be provided above and below the
first magnetic parts MP1. The additional magnetic parts AMP11, AMP12 may comprise a
permanent magnet and may, for example, be made from Neodymium Iron Bohr, Samarium
Cobalt or a ceramic material.

[0039] Figure 6 depicts a graph of the strength of the magnetic field at a fixed distance of 39
mm in the z-direction above the magnetic device of Figure 5 (see the description referring to
Figure 2a and Figure 3 for more details and explanation about the shown values). The maximum
magnetic field at a distance of 39 mm above the magnetic device with the additional magnetic
parts AMP11, AMP12 is significantly lower than the maximum magnetic field as described with
reference to Figure 3 and may be in a range between 0 to 6.0 milliTesla.

[0040] As shown in Figure 7, second additional magnetic parts AMP21, AMP22 may also be
provided to the second magnetic part MP2. In comparison with Figure 2a, in total two additional

magnetic parts AMP11, AMP12 and two second additional magnetic parts AMP21 and AMP22
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are added to the magnetic device. The second additional magnetic parts AMP21, AMP22 have a
second additional magnetic polarization substantially parallel to the reference direction RD. It
may be clear to the skilled person that alternatively, also at least one of the second additional
magnetic parts AMP21, AMP22 may be used. Simulations indicate that the total force in the
reference direction between the first part FP of the magnetic device and the second part SP of the
magnetic device increases with about 240% in comparison with the magnetic device as shown
and described with reference to Figure 2a. Simulations furthermore indicate that the magnetic
stray field outside the magnetic device also further reduces due to the addition of the second
additional magnetic parts AMP21, AMP22. In an alternative embodiment the first part FP of the
magnetic device is provided with at least one magnetic part MP1, whereas at least one of the
second additional magnetic parts AMP21, AMP22 is provided to the second part SP of the
magnetic device. Simulations indicate that also this alternative magnetic configuration is
advantageous regarding increased force between the first part FP of the magnetic device and the
second part SP of the magnetic device while this alternative magnetic configuration also
provides a reduced magnetic stray field outside the magnetic device in comparison with the prior
art configuration as described with reference to Figure 2a.

[0041] The configuration as shown and described with reference to Figure 7 may furthermore be
extended by adding at least one of the coils CL1, CL2 as shown in Figure 8. As the magnetic
flux density at the position of the coils CL1, CL2 is furthermore increased by the applied
magnetic configuration, providing at least one of the coils CL1, CL2 for generating an additional
force between the first part FP of the magnetic device and the second part SP of the magnetic
device becomes even more efficient as the Steepness of the integrated Lorentz actuator also
increases.

[0042] In Figure 9, a magnetic device according to a fifth alternative embodiment of the
invention is shown. In this configuration third additional magnetic parts AMP13, AMP14 are
being radially magnetized (i.e., having a third magnetic polarization being substantially
perpendicular to the reference direction) are added in between the first magnetic parts MP1 and
the additional magnetic parts AMP11, AMP12. This results in a further improvement of the
Steepness of the Lorentz actuator and in an increase of the total force between the first part FP of
the magnetic device and the second part SP of the magnetic device in the reference direction. In

the configuration as shown in Figure 9, the second additional magnetic parts AMP21, AMP22
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are omitted for simplicity, but these second additional magnetic parts can be added in a further
alternative magnetic device configuration. In an alternative embodiment at least one of the coils
CL1, CL2 can be omitted to create a (more) passive magnetic device.

[0043] Figure 10, shows a magnetic device according to a sixth alternative embodiment of
the invention. In this configuration a stator (i.e. the part that is substantially stationary) is
connected to the second part SP of the magnetic device and comprises a second magnetic part
MP2 that is mounted to a magnetic yoke YK that is being constructed and arranged to guide the
magnetic flux in the magnetic circuit of the magnetic device. A rotor (i.e. the part that is
relatively movable with respect to the stator) is connected to the first part FP of the magnetic
device and comprises a first magnetic part MP1, an additional magnetic part AMP and a coil CL.
It is noted that the first part FP of the magnetic device is located below the second part SP of the
magnetic device, and consequently the first part FP of the magnetic device is actually hanging
below the second part SP of the magnetic device and is kept at position by the first force and the
second force. In an embodiment the magnetic device may be used to support a liquid
confinement system. The liquid confinement structure is substantially stationary relative to the
projection system in the XY plane though there may be some relative movement in the Z
direction (in the direction of the optical axis). A seal is formed between the liquid confinement
structure and the surface of the substrate. In an embodiment, a seal is formed between the liquid
confinement structure and the surface of the substrate and may be a contactless seal such as a gas
seal. Such a system is disclosed in United States patent application publication no. US 2004-
0207824. In an embodiment the magnetic device may function as a gravity compensator in
combination with a Lorentz actuator. The gravity compensator function is realized by the first
magnetic part MP1 that is configured to magnetically interact with the second magnetic part
MP2. The additional magnetic part AMP is added to obtain a more constant force over a certain
stroke of the rotor. The dimensions of the first and second magnetic parts MP1, MP2 and
additional magnetic part AMP determine the force between the first part FP of the magnetic
device and the second SP part of the magnetic device. The inventors have found out that the
height ratio of the magnetic parts MP1, MP2 at least partly determine the force deviation in
dependency of the stroke of the rotor in the reference direction RD. By varying the height of the
additional magnetic part AMP it is possible to control the value and the sign of stiffness in the

reference direction that needs at least partly to be compensated by energizing the coil CL. The
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effect of the additional magnetic part AMP is that it linearizes non-linear behavior of the first
magnetic part MP1 while magnetically interacting with the second magnetic part MP2. This is
advantageous as the coil CL also allows the magnetic device to function as a Lorentz actuator
and consequently the function of a gravity compensator and actuator can be combined in one
magnetic device which may reduce the required volume compared with e.g., a situation wherein
the gravity compensator function and the Lorentz actuator function are physically separated. In
an embodiment of the invention the permanent magnets are substantially free from ferromagnetic
materials.

[0044] While specific embodiments of the invention have been described above, it will be
appreciated that the invention may be practiced otherwise than as described. For example, the
invention may take the form of a computer program containing one or more sequences of
machine-readable instructions describing a method as disclosed above, or a data storage medium
(e.g., semiconductor memory, magnetic or optical disk) having such a computer program stored
therein.

[0045] The descriptions above are intended to be illustrative, not limiting. Thus, it will be
apparent to one skilled in the art that modifications may be made to the invention as described

without departing from the scope of the claims set out below.
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WHAT IS CLAIMED IS:

1. A magnetic device, comprising:

a first part;

a second part;

a first magnetic part coupled to the first part and having a first magnetic polarization;
a second magnetic part coupled to the second part and having a second magnetic
polarization; and

an additional magnetic part coupled to the first part and having an additional magnetic

polarization;

wherein:

the first magnetic part and the second magnetic part are configured to magnetically

interact with each other, wherein:

— the first magnetic part exerts a first force on the second magnetic part;

— the second magnetic part exerts a second force on the first magnetic part; and

— the first force and the second force have opposite directions that are parallel to a
reference direction;

the first magnetic polarization is substantially parallel to the reference direction;

the second magnetic polarization is substantially perpendicular to the reference direction;

the additional magnetic polarization makes an angle with the first magnetic polarization;

and

the angle has a magnitude in a range of about 90° to about 270°.

2. The magnetic device of claim 1, wherein the angle has a magnitude of about 180°.

3. The magnetic device of claim 1, wherein at least one of the first part and the second part is

provided with a coil assembly comprising at least one coil, wherein the coil is constructed

and arranged within a magnetic circuit formed by the first magnetic part, the second

magnetic part and the additional magnetic part such that, upon energizing of the coil, an

additional force is exerted between the first part and the second part in the reference

direction.

14
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The magnetic device of any of the preceding claims, wherein the additional magnetic part

comprises a permanent magnet that is substantially free from ferromagnetic material.

The magnetic device of any of the preceding claims, further comprising a second additional
magnetic part being coupled to the second part and wherein the second additional magnetic

part has a second magnetic polarization being substantially parallel to the reference direction.

The magnetic device of any of the preceding claims, further comprising a third additional
magnetic part being coupled to the first part and wherein the third additional magnetic part

has a third magnetic polarization being substantially perpendicular to the reference direction.

The magnetic device of claim 6, wherein the third additional magnetic part is located in

between the first magnetic part and the additional magnetic part.

The magnetic device of any of the preceding claims, being suitable as a gravity compensator,
wherein the reference direction is substantially aligned along the axis of gravity enabling that
the first force and second force provide a supporting force between the first part and the

second part.

The magnetic device of claim 8, wherein at least one of the first magnetic part and the second
magnetic part is circular symmetric around an axis of symmetry and substantially parallel to

the axis of gravity.

A lithographic apparatus comprising

— a support structure configured to support a patterning device, the patterning device
configured to pattern a radiation beam to form a patterned beam of radiation;

— a substrate table configured to support a substrate;

— aprojection system configured to project the patterned beam of radiation onto the
substrate; and

— amagnetic device of any of the claims 1 — 9.

15
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11. The lithographic apparatus of claim 10, wherein the first part of the magnetic device is

accommodated at the substrate table, the support structure or a liquid confinement system.
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AMENDED CLAIMS
received by the International Bureau on 08 November 2013 (08.11.2013)

A magnetic device, comprising:

- afirst part;

~— asecond part;

— a first magnetic part coupled to the first part and having a first magnetic polarization;

— asecond magnetic part coupled to the second part and having a second magnetic
polarization; and

— an additional magnetic part coupled to the first part and having an additional magnetic
polarization;

wherein:

— the first magnetic part and the second magnetic part are configured to magnetically
interact with each other, wherein:
— the first magnetic part exerts a first force on the second magnetic part;
— the second magnetic part exerts a second force on the first magnetic part; and
— the first force and the second force have opposite directions that are parallel to a

reference direction;

— the first magnetic polarization is substantially parallel to the reference direction;

— the second magnetic polarization is substantially perpendicular to the reference direction;

— the additional magnetic polarization makes an angle with the first magnetic polarization;
and

— wherein the angle has a magnitude of about 180°.

. The magnetic device of claim 1, wherein at least one of the first part and the second part is
provided with a coil assembly comprising at least one coil, wherein the coil is constructed
and arranged within a magnetic circuit formed by the first magnetic part, the second
magnetic part and the additional magnetic part such that, upon energizing of the coil, an
additional force is exerted between the first part and the second part in the reference
direction.

The magnetic device of any of the preceding claims, wherein the additional magnetic part
comprises a permanent magnet that is substantially free from ferromagnetic material.

. The magnetic device of any of the preceding claims, further comprising a second additional
magnetic part being coupled to the second part and wherein the second additional magnetic
part has a second magnetic polarization being substantially parallel to the reference direction.

The magnetic device of any of the preceding claims, further comprising a third additional
magnetic part being coupled to the first part and wherein the third additional magnetic part
has a third magnetic polarization being substantially perpendicular to the reference direction.

17
AMENDED SHEET (ARTICLE 19)



WO 2014/012729 PCT/EP2013/062629

10.

The magnetic device of claim 5, wherein the third additional magnetic part'is located in
between the first magnetic part and the additional magnetic part.

The magnetic device of any of the preceding claims, being suitable as a gravity compensator,
wherein the reference direction is substantially aligned along the axis of gravity enabling that
the first force and second force provide a supporting force between the first part and the
second part. ‘

The magnetic device of claim 7, wherein at least one of the first magnetic part and the second
magnetic part is circular symmetric around an axis of symmetry and substantially parallel to
the axis of gravity.

A lithographic apparatus comprising

— asupport structure configured to support a patterning device, the patterning device
configured to pattern a radiation beam to form a patterned beam of radiation;

— asubstrate table configured to support a substrate;

— - a projection system configured to projéct the patterned beam of radiation onto the
substrate; and

— amagnetic device of any of the claims 1 — 8.

The lithographic apparatus of claim 9, wherein the first part of the magnetic device is
accommodated at the substrate table, the support structure or a liquid confinement system.

18
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