STAGE SYSTEM AND LI THOGRAPHI C APPARATUS COWPRI SI NG SUCH STAGE SYSTEM
5BACKGROUND Field of the Invention [ 0001] The present invention
relates to a stage system a |ithographic apparatus including such stage
system and stage control nethod. 10 Description of the Related Art

[ 00021 A lithographic apparatus is a nmachine that applies a desired pattern
onto a substrate, usually onto a target portion of the substrate. A

| i t hographi ¢ apparatus can be used, for exanple, in the manufacture of
integrated circuits (1Cs). In such a case, a patterning device, 15 which is
alternativelgTreferred to as a mask or a reticle, S%(f?be used to %enerate a
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can be transferred onto a target p, i ncluding part of, one, or
several dies) on a substrate (e.g. ﬁkg‘?gﬁﬂ%f er). Transfer of the

pattern is typically via imaging onto a | ayer of radiation-sensitive
material (resist) provided on the substrate. In general, a single substrate
will c®ntain a network of 20 adj ac eHYCKG 1Borti ons that are successively
patterned. Conventional |ithographic apparatus include so-called steppers,
in which each target portion is irradiated by exposing an entire pattern
ont o t he Wiidef thednvemtionat once, and so-call ed scanners, in which each

target portion_is.jrradiated sca the pattern thr adl atlon
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is also possible to trarisfer the pattern fromthe patterning device to the
subst t@t e by inprinting the pattern onto the substrate. [0003] |ncreasing

denmands Pt E i t hographi c apparatus, e.g. on an anmount of
waf er s to Hﬁ?@éﬁﬁ%ﬁﬁwe{hﬁ% |thogr aphic apparatus in a certain tine
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substrate table or a s 30 Furthernore emands on resol ution and

accuracy 8state yraalieonio pdanset poridgreef the suystretseA lithographic apparatus can be used,
for example, in the manufacture of integrated circuits (ICs). In such a case, a patterning device,

16  which is altematively 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. This 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).
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

20  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

25  this direction. It is also possible to transfer the pattern from the patterning device to the
substrate by imprinting the pattern onto the substrate.

[0003] Increasing demands on throughput of the lithographic apparatus, e.g. on an
amount of wafers to be processed by the lithographic apparatus in a certain time period, require
increasing speeds and accelerations of stages such as a substrate table or a mast table.

30 Furthermore, demands on resolution and accuracy of the pattern to be projected by the




| i t hographi c apparatus onto the substrate increase, which translates into a
tendency to increase a size of the nmask, in conmbination with an increased
dermagni fication factor of the projection optics, the increased size of the
mask to be able to provide the required | evel of detail on the mask. On the
one hand, requirenents as to a high scanning speed necessitate to keep a
wei ght 5 of a stage as |ow as possible, while on the other hand, the stage
need to be constructed such as to obtain a high stlffness to avoid
occurrence exc tation of sonance nodes of e whi ch tends to
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specifications of the process, a required minimal bandwidth is selected. The mechanical design
is then optimized, providing all resonances above this bandwidth. In general, this may imply
stiff coupling between actuator and sensor positions, which may result in a relatively heavy

20  construction. In order to design stiff constructions, high E-module materials are used, which
are intrinsically badly damped. Due to variability in production of the stages, a controller has to
be robust against variations in the plant dynamics. In general, it is desired to have a same
controller design is used for all produced items of a particular stage, which also induces some
conservatism, which again limits performance.

25 [0605] Throughput enhancement or in other words higher accelerations and small
settling times may generally have a negative effect on the stage accuracy and thus overlay.
Higher accelerations may cause higher internal dynamic vibrations (or deformations) of the
stages, which may be intrinsically badly damped, possibly resulting in a deterioration of the
stage accuracy as the settling time decreases. Furthermore also the disturbances on the stages

30  and the environment (or the “silent world”), which are induced by the movement of the stages




Hi gher accel erations may cause higher internal dynam c vibrations (or
deformations) of the stages, which may be intrinsically badly danped,
possibly resulting in a deterioration of the stage accuracy as the settling
ti me decreases. Furthernore also the disturbances on the stages 30 and the
environment (or the "silent world"), which are induced by the novenent of

t he stages t hensel ves due to cross-tal k, may increase (e.g. the |ens,

i mrer sion) which may also result in a deterioration of the stage accuracy.
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of the st adeititodhe penfsrmanckethat ¢apdieachicvel. sensor signal, the at |east two
sensors being arranged to neasure the respective position dependent
paraneters in a sensor degree of freedom a controller to provide a

controkger SWR@ gnal to at |east one of the actuators in response to a
setpoi nt and the position dependent paranmeter as neasured by at |east one
of the sensors, [H98] & i desitable t¢ enltanot b dynashicglerfoamarce of thedtaget h t he 20

position depend ranmgt ers as sured by .the at |east t f the
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provide a further controller outp signal” to at least one of the actuators
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signal, the at least two sensors being arranged to measure the respective position dependent
parameters in a sensor degree of freedom, a controller to provide a controller output signal to at
least one of the actuators in reéponse to a setpoint and the position dependent parameter as
measured by at least one of the sensors, and a further controller which is provided with the

20  position dependent parameters as measured by the at least two of the sensors, the further
controler to determine a difference between the position dependent parameters from the at
least two of the sensors and to provide a further controller output signal fo at least one of the
actuators in response to the determined difference.

[0010] In another embodiment of the invention, there is provided a lithographic

25  apparatus including an illumination system configured to condition a radiation beam; a support
constructed to support a patterning device, the patterning device being capable of imparting the
radiation beam with a pattern in its cross-section to form a patterned radiation beam; a substrate
table constructed to hold a substrate; and a projection system configured to project the

patterned radiation beam onto a target portion of the substrate, wherein at least one of the

30  support and the substrate table includes a stage system. The stage system includes a stage, a




constructed to support a patterning device, the patterning device being
capabl e of inparting the radiation beamwith a pattern in its cross-section
to forma patterned radiati on beam a substrate table constructed to hold a
substrate; and a projection systemconfigured to project the patterned

radi ati on beamonto a target portion of the substrate, wherein at |east one
of the 30 support and the substrate table includes a stage system The
stage systemincludes a stage, a plurality of actuators, the actuators to
act on the sta he actuators being overdeterm ned in an actuator degree
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of the invention; ) ] ] o
20  controller output signal in response to the determined difference; and providing the further

controller output signal to at least one of the actuators.

BRIEF DESCRIPTION OF THE DRAWINGS
[06012] Embodiments of the invention will now be described, by way of example only,
25  with reference to the accompanying schematic drawings in which corresponding reference
symbols indicate corresponding parts, and in which:
[0013] Figure 1 depicts a lithographic apparatus according to an embodiment of the
invention;
[0014] Figure 2 depicts a schematic view of a stage according to an embodiment of the

30 invention;




[0014] Figure 2 depicts a schematic view of a stage according to an

enbodi nent of the 30 invention; [ 00151 Figure 3 depicts a control

di agram of a stage control according to an enbodi nent of the invention; and
[ 00161 Figure 4 depicts a flow diagram of a nethod according to an

enbodi nent of the invention. 5 DETAI LED DESCRI PTI ON [0017] Figure 1
schematically depicts a |lithographic apparatus according to one enbodi nent
of the invention. The apparatus includes an illum nation system

(illumnator) | fi.gured fo.condition a radiation beamB (e.g. .U
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and connected to a first positioning device PMconfigured to accurat el
position the patlferahilingprelédepietsiafloacdiograrfea mthed asordiigio pacmbediorent of\l/ﬂme
apparatus al SO dncludes a substrate table (e.g. a wafer table) W or
"substratengJFS‘BS?‘t " constructed to hold a substrate (e.g. a resist-coated

waf er) ¥ and connected to a second positioning device PWconfigured to 15
accurately position the substrate in accordance with certain paraneters.

The apparatus further includes aDBFOjlBRilYRSERBIEMN e. g. a refractive
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system may i nclude varjqus types of optical_conponents, such 20 as_. .
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ensure that the patterning device is _at esired position, )
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.

[0018] The illumination system may include various types of optical components, such
20  as refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical

components, or any combination thereof, for directing, shaping, or controlling radiation.
[0019] The support structure (e.g. a mask table) MT 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
25  for example whether or not the patterning device is held in a vacuum environment. The support
structure (e.g. a mask table) MT can use mechanical, vacuum, electrostatic or other clamping
techniques to hold the patterning device. The support structure (e.g. a mask table) MT may be
a frame or a table, for example, which may be fixed or movable as required. The support

structure (e.g. a mask table) MT may ensure that the patterning device is at a desired position,




for exanple with respect to the projection system Any use of the terns
"reticle" or "mask" herein may be consi dered synonynous with the nore
general term "patterning device." [ 00201 The term "patterning device"
used herein should be broadly interpreted as referring to any device that
can be used to inpart a radiation beamwith a patternin‘its 5
Cross-section so as to create a pattern in a target portion of the
substrate. It should be noted that the pattern inparted to the radiation
beam may not exactly correspond to the desired pattern in the target
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shoul d pe i nt.erpreted as enconpassi ng any type of projection

syst em16)i nc t%lgdﬁ%c?éel%?acti ve, reflective, catadioptric, 20 magnetic,

el ect romagnet i c[(2d] Thepittcasihgtiedconty bofraBysdsbr®r redlectivy, Bxambles af patterning
t hereof, as appropriate for the exposure radi ati on bei ng Lfsed or for og‘hher
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mask). Alternativ , .the apparatus may. be of a reflective ty . g.
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of a type having two (dual stage) or nore Substrate tables or "substrate
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oral |01 or 0BT i Rt SRR R raRD e bR mictp L o
supports v&kéﬁpatsg%g%me Tt }8fectiGiPsPfieR) iR HIARGY fcFradhife, hofledives esladiOptric,
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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”.
[0023] As here depicted, the apparatus is of a transmissive type (e.g. employing a
25  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).
[0024] 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




5 as to fill a space between the projection systemand the substrate. An

i mrersion liquid may al so be applied to other spaces in the |ithographic
apparatus, for exanple, between the nask and the projection system

| mer sion techni ques can be used to increase the nunerical aperture of
projection systens. The term"imersion" as used herein does not nean that
a structure, such as a substrate, nust be subnerged in liquid, but rather
only neans that a liquid is 10 | ocated between the projection system and
the substrate durinq exposure. . [ 00261 Referring to Figure |, the
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(e.g., mask table) MI, and is patterne y the patterning device. Having
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30 through.the projectio stem PS, l.ch focus t.h eam ont o t ar get
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encoder or capacitive sensor), the substrate table WI' can be nove

accur at el ythe lithpgrapbicapparstusor exampld whiee fhersourtcg isemernury laows TiB savree R0 pad h

of ther adthggﬂu%nator IL, together with the beam delivery system BD if required, may be referred to as

a radiation system.

20 [0027] The illuminator IL may include an adjuster AD configured to adjust the angular
intensity distribution of the radiation beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as c-outer and c-inner, respectively) of the intensity distribution
in a pupil plane of the illuminator can be adjusted. In addition, the illuminator IL may include
varjous other components, such as an integrator IN and a condenser CO. The illuminator may

25  beused to condition the radiation beam, to have a desired uniformity and intensity distribution
in its cross-section.

[0028] 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 MA (e.g. mask), the radiation beam B passes

30 through the projection system PS, which focuses the beam onto a target portion C of the




beam B. Simlarly, the first positioning device PMand another position
sensor (which is not 5 explicitly depicted in Figure 1) can be used to
accurately position the patterning device MA (e.g. nmask) with respect to
the path of the radiation beamB, e.g. after nechanical retrieval froma
mask library, or during a scan. In general, novenent of the support
structure (e.g. nmask table) MI may be realized with the aid of a

| ong- stroke nodul e (coarse positioning) and a short-stroke nodule (fine

posi tioni ng whi 0 part _of the first .posit.ioni devjce PM
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to the radiatiofi"beamis projected onto a target por at one tine

(i.e. a si hyigstrekamiodulexaqnd sushelt-sttohemsdinss which fombpat vithersetadlmsitianer PW.
support™ i hen shifted in the X and/or Y direction so that a differe
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static exposure. [0031] 2.In scan node, the support structure (e.g. mas
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2RO RN I DTl B LGB el BB AR gy
30 exposur gidicatddetar@t poitions,ahely diayasd lobRte®in bhiRes BOSIER A gbopdrBot¥ (tiRse are
"substrate support” relative
known as scribe-lane alignment marks). Similarly, in situations in which more than one die is
provided on the mask MA, the mask alignment marks may be located between the dies.
[0029] The depicted apparatus could be used in at least one of the following modes:
20 [0030] 1. In step mode, the support structure (e.g. mask table) MT or "mask
support" and the substrate table WT or "substrate support” are kept essentially stationary, while
an entire pattern imparted to the radiation beam is projected onto a target portion C at one time
(i.e. a single static exposure). The substrate table WT or "substrate support" is then shifted in
the X and/or Y direction so that a different target portion C can be exposed. In step mode, the
25 maximum size of the exposure field limits the size of the target portion C imaged in a single
static exposure.
[06031] 2. In scan mode, the support structure (e.g. mask table) MT or "mask
support" and the substrate table WT or "substrate support" are scanned synchronously while a
pattern imparted to the radiation beam is projected onto a target portion C (i.e. a single dynamic

30  exposure). The velocity and direction of the substrate table WT or "substrate support” relative




to the mask table MI or "mask support” nay be determ ned by the
(de-)magnification and i mage reversal characteristics of the projection
system PS. I n scan node, the nmaxi mum size of the exposure field limts the
width (in the non-scanning direction) of the target portion in a single
dynam c exposure, whereas the length of the scanning notion determ nes the
hei ght (in 5the scanning direction) of the target portion. [0032] 3.1n
anot her node, the support structure (e.g. mask table) MI or "mask support™
is kept essentially stationary holdiqgia pr ogr ammabl e pattgrning ‘%Iev,ice,ii

|l e

and the sutgthamaesk tlecMRErorimask wepedt max b slstermined hypihe ddesymagificatign wh

a pattern i; -aell atel m | ' lkoN
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of the substrate table WI or "substrate s ort" .or in between successjve
Cadiati on gt 5 frgosreauhereanthe lngtotdhe Spuing pighop ARicRRIMER (g HEER! (n
appl i edgt Otﬁ@&g}ugﬁgdﬁé&ihgwﬁg@yaréa?}orﬁg&| i zes progranmmabl e patterning

devi ce, such as a progranmable m'rror array of a type as referred to above.
15[ 0033] Conbi n##033h8. andfoanother modetlse suppo stratiokec(edie suask bade)ndd ey "slaskise

or entirely different nodes.,of use ma | so be enpl ayed. . [0034], Ei gur
Shows & hi ST dhdrek FRETRUN sitezaG e s prosciiratiEaye i bl f s
al so ref er sghtrbR ta@sle WPBPTsubstide BYPpdrt@ iV d}isbehnd@ VWtEle a Pafternl igipatePio the
top viewis shown, i.e. a plane of drawing of figure 2 coincides with a

pl ane of f tasiiationbeamds projastedognte pdargelnostien Gglnbisdeedes gensmlly ywpiles ragigtion
attern, ha e rovVi In _Figure G | [ ' d
By ¢ netty are SR fRled Bt aidnbk B Gt afishEREREG: B)bYEkY O AR End bR
enbodi nent mok@tént of the substrate table WT or "substrate support" 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.
15 [0033] Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.
[0034] Figure 2 shows a highly schematic view of a support structure (e.g. mask table)
MT also referred to as support, to hold a patterning device. In Figure 2, a top view is shown, i.e.
a plane of drawing of figure 2 coincides with a plane of focus or a surface of the patterning
20  device onto which the pattern has been provided. In Figure 2, a scanning direction may be
formed by the Y direction. A plurality of actuators are provided. In this embodiment, four
actuators are provided to exert a force onto the support structure (e.g. mask table) in the
scanning direction, these actuators being indicated by Yla, Y1b , Y2a, Y2b. Also, two
actuators X1, X2 are provided to exert a force on the support in X direction. Further, four
25 actuators Z1, Z2, Z3 and Z4 are provided to exert a force on the support in a direction
perpendicular to the plane of drawing of Figure 2. The depiéted configuration is symmetrical
with respect to the X-direction as well as the Y-direction. In the embodiment depicted in Figure
2, an improved dynamic behavior may be achieved, providing e.g. higher resonance

frequencies, less position dependent dynamic behavior, which results in a higher bandwidth to




actuators are provided to exert a force onto the support structure (e.g.
mask table) in the scanning direction, these actuators being indicated by
YI a, Yb, Y2a, Y2b. Also, two actuators X1 , X2 are provided to exert a
force on the support in X direction. Further, four 25 actuators Z 1 , Z2,
Z3 and Z4 are provided to exert a force on the support in a direction
perpendi cul ar to the plane of drawing of Figure 2. The depicted
configuration is symmetrical with respect to the X-direction as well as the
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coi ncide w | | - St L Lsks : | :
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sensors, WPPPRCiR e ERoRor oMt SYRBREY GRSt thepdage agqt w&ré@‘f\&g SHPELSRE | |
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" will become much more complex. So all actuators are placed at symmetric X,Y,Z positions.

[0037] 2] Patterning device (e.g. mask or reticle) are in the center, so all motors are
placed outside: -
The radiation passes through the patterning device (e.g. mask or reticle), so there cannot be
15 actuators or sensors at the patterning device position. Then, the motors of the support structure
(or stage) are placed outside the patterning device and the support structure.
[0038] 3] Very large forces in the scanning direction (=Y -direction):
The scan forces in Y-direction are very large, so a large actuator is desired. If only one
Y-actuator is used, the stage becomes a-symmetric about the X-axis. Two Y-actuators at the
20 front and back allow a large force and a symmetric construction.
[0039] 4] Two X-actuators:
The X-motor are not placed at the center of gravity, because the patterning device is there.
Applying two X-motors enables a “virtual X-motor” and/or a “virtual Rz-motor” in the centre
of gravity of the support structure. Note that the Rz actuation can be done using only the
25  X-motor, only the Y-motors, or using all X and Y-motors.
[0040] 5] Solve over constrained DC-actuation:
The Y-motors may have the same actuation signal, so that they serve as one large “virtual
Y-motor” in the centre of gravity of the support structure.
[0041] 6] Four Z-motors:
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[0037] 2] Patterning device (e.g. mask or reticle) are in the center, so
all notors are placed outside: The radi ati on passes through the
patterning device (e.g. mask or reticle), so there cannot be 15 actuators
or sensors at the patterning device position. Then, the notors of the
support structure (or stage) are placed outside the patterning device and
the support structure. [0038] 3] Very large forces in the scanning
direction (=Y-direction): The scan forces in Y-direction are very | arge,
so a large actuator is desi |f only one Y-actuator is ysed, the stage
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sensors, in _this exanple sensors S2, S2, S3 and S4 each configured to

measure a 8T bipeR! pesitionsessqrpwelecitysensas, sccglieraionisgisor, otc.. Furthermore, although
10  in Figure 2 a support is shown, the embodiments described in this document may also be

applied to any other stage, such as a substrate table, a liquid supply system, mask blades, etc..
The position dependent parameter may include any type of position dependent parameter such
as a position, a velocity, an acceleration, a jerk, etc.. The position dependent parameter may
thus include one or more of a position, a velocity, an acceleration, etc. The over-determined
15  number of actuators may, but not necessarily, need to actuate in a same degree of freedom as
the degree of freedom in which the at least two sensors, measuring the position parameter in a
same degree of freedom, measure. Thus, the actuator degree of freedom may equal the sensor
degree of freedom. The actuator degree of freedom and the sensor degree of freedom may each
include at least one of the X, Y or Z direction, and/or a rotation with respect to the X, Y or Z
20  direction.

[0044] Figure 3 depicts a control diagram of a position dependent parameter of the
stage, the stage having been indicated schematically by ST, and may include a mask table such
as the support structure {e.g. mask table) MT depicted in Figure 2, a substrate table WT, or any
other stage. A position dependent parameter, in this example a position in Y direction, is

25  controlled. Thereto, a setpoint r is provided to a control loop. Naturally, the position dependent
parameter may also include any other position dependent parameter, such as a velocity,
acceleration, jerk, or any combinaﬁon thereof. The setpoint may include a single-dimensional
or multi-dimensional setpoint: an example of the latter being a setpoint in six degrees of
freedom. A closed loop control loop is formed by controller Cy,s, gain scheduling matrix GS,

30  gain balancing matrix GB, stage ST and measurement MS. The matrix GS may transform the
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5 [0043] The actuators may include any type of actuators, including e.g. a
notor such as a linear notor, a piezo electric actuator, a pneunatic
actuator or any other type of actuator. The sensors may |i kew se include
any type of sensor, such as an interferonmeter, encoder, an accel eration
sensor, velocity sensor, a torsion sensor, a strain gauge, a capacitive,

I nductive or other type of position sensor, velocity sensor, acceleration
sensor, etc.. Furthernore, although 10 in Figure 2 a support is shown, the
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substrate table or any other stage. A position dépendent paraneter, in
t hi s exanplsgstem pasyi meamrg the posftiow of therstagesin 25« degntes off ffigedonTaick positien being
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par aneter ARG Foldl RS Revim aer g dep e epdpinan F SERERCEs
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may include a single-dinensional or nulti-dinensional setpoint: an exanple
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R T e T

t ransf or m #rag in practice be limited by resonance frequencies of the stage. The bandwidth of the control
loop will, in practical cases, be kept below such resonance frequencies, as instability, overshoot,
or similar effects may occur otherwise, which will increase a settling time of the stage, thereby
deteriorating a performance of the lithographic apparatus.

20 [0045] Since vibrations and disturbances become limiting for the stage accuracy and
thus overlay as the throughput increases, it is desirable to increase the bandwidth of the
closed-loop system and reduce or damp these vibrations (resonances). Particularly, the latter
activity may be beneficial for a couple of reasons. Firstly, these vibrations which generally are
high frequencies are not suppressed by the controller since sensitivity may equal to one for high

25 frequencies. Secondly, when resonances are damped higher bandwidths may be obtained since
the magnitude of resonances and variations in plant dynamics decreases. Finally, optimization
of the bandwidth and feed forward using advanced control techniques (e.g. Ho optimization,
Iterative Learning Control, etc.) will not automatically give a best overlay performance due to.

the resonance modes of the stage. The reason for this is that generally the controlled position

30  (non-collocated control) does not physically coincide with the exposed position, since the
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scan-position dependent controller forces into forces at the centre of
gravity, the GB matrix may bal ance the forces at the center of gravity into
physi cal notor forces. The controller Cpos is provided with an error signal
e which forns a difference between the setpoint r and an output signal of

t he neasurenent system M5. A controller output signal COS is provided to
the stage 5 ST via the gain scheduling matrix GS and the gai n bal anci ng
matrix GB. As the neasurenent system MS, such as an interferoneter,

encoder, etc. neasures a position depe Eecgent ar ter i.n this . exanple.the
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freedom, will be a known constant or zero, depending on the type of sensors applied. Thus, as

20  longas the stage ST may be considered a rigid body, the feedback provided via the confroller of
the C,s and the measurement system MS, provides for a controlling of the stage. In case that a
resonance mode of the stage would be excited, a difference between the position dependent
parameters as provided by the at least two sensors measuring in the same degree of freedom,

will deviate from the previously mentioned constant or zero value, the controller in response

25  thereto providing a further controller output signal FCOS via the gain balancing matrix GB to
the stage. As an over-determined number of actuators have been provided, as explained above

with reference to Figure 2, the actuators may be actively involved in a suppression of the
resonance mode which has been excited. As an example, in case that the Y actuators Y1, Y2
would tend to resonate in the X direction with respect to a frame of the support structure (e.g.

30 mask table) MT, possibly in combination with a resonance of the frame of the support structure
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t he resonance nodes of the stage. The reason for this is that generally the
controll ed position 30 (non-collocated control) does not physically
coincide with the exposed position, since the patterning device position
may not be directly neasured (the patterning device is positioned on the
support structure and the support structure is neasured in such a way that
Abbe neasurenent-errors are as snall as possible). [00461 As further
depicted in Figure 3, a further controller Cdanp is provided which 5

provi des a furthe ntroller. output signal F via the gain bal ancin
matrix GB t&# sk faiﬁgfétl\é?r.ﬂs‘ﬂf» 5 QitiRle éﬁ”g&i}toﬁth%%wm BR PSR cast pirtly
respect i vel dpprdstind BEfciveR dafohiiy sucR Ao hods, control | er output signal”,

respectively, "a further cont er output signal" to the stage may be
interpreted as tl0847]cDmtlneduage “the achsppesbeingloyertdaerifinndtih e degromof f¢ddem” is to

provi di ng "controller output signal", respectivel "further. controll.er
Butput o g tsiad lararidtgmpicBigse AR aY Hhictly BraeBioo o Bibdsing®
under cant rgch @egRe offfieé@imtii daftethaeBiReRideVRoTId B rightBddy. Asi A SQnle, tdiR
stage, or provide for a displacenent, position, velocity, etc. of the stage

by a corr es}sREIgr o¢ gaipion at Feek side)t Weyld cufficeotol antuates ther Yagediedpiavidg for a
|p03| tion d%&%@ﬂﬁ&& R AE S Bgrsp{&ﬂﬁnrgé%gorg Yac tatolrg Rhng 1P sﬁ&pﬁ?feétion-,”.é?feglls
east two sensors bei ng arrang d*to sure e respective posl tron

dependent pReEdRI &1 SasklofaresimaBeed c@ién @fodbs eRdomMthd stege, ican beS@imteeictadChy an
15 or with respect. to a_sanme axis of rotation. In Figure 3, the at, | east
two sensor SHilgPedriyingnef thepe pelugasn Qyraretation mayxes fletined a5 & PreyIdmg rapdir
static.,gta ] r i |, K . »
nave ndlsaiey i SofoRt ol ind Holtl AN Ui it BE ncfadnal o Higha 1Y

di f f er ence ningione@ntrolmgoarnt pudr-astugted | stagef mhp eahsebes providddi with maasver-detehmined
position in the sane degree of freedom  will be a_kno canst ant erQq,
dependi ng G}F"Bﬁre"ft%ﬁ%’fo b 1EhSEHED lb?ri°§69m9f‘ﬂ£§stﬁalh%‘e 261\3'93 groptl rdgs e
may be conguigy 8 dadd FobldPOdYeruhiB® ifh Qﬁé’bﬁgﬂa_-ﬁbrd Wﬂ&%\/&&m&)hﬁlrgcwé&hl €js Of
the Cpos and the neasurenent system M5, provideS for a controlling of the
stage. | n exdanehahova, a gfbwancishasisge ody thheby bagetivebuinfutreed o ifacsdhe eontrol

diff bet t h ition d dent t i ded by the at
east T LORAamE Ry e Spgrs yir G Jpedhes eIy Come etimin QB RYRsqRa0ce
from the phaRUhPSEhY stHRS) b BPRInESNSsBRfo RhsctE s Rl tRgrdedE freQitink, AnlREurkdhce

response 25 thereto providing a further controller output signal FCOS via

t he gai n bef msenange phendmxenaBnttbatt pretigiaglegretsofafieesipar magther datentetl, Kherbuthent

actuators een_provided s.exbl ained above w t.h reference.to, Fi gure
2 L he ot AR EREA R RNt B PUBEO DSl ol RSBl S B c
node whi chinflaéndee®s exdiiah&sl phdfonitia exsodRéRed. | ThE@EE ah R¥tr-Hdtermined tnuaiber of Y1
, Y2 would tend to resonate in the X direction with respect to a_frane of

t he sulfporactuatorsisnreieried sg thegpressrn baprovjdedpnigibs stage gt differeshPRsiiansdiends t h
Csert o afling ek Plucklpr RYARTh 2 ILHEPIT cobftefiouPabRl Bloddhoe

partly suppédssfithgstage.acti vel y danpi ng such resonance node. [ 0047]
The | anguage "t he actuators being over-determned in a degree of freedont

is to be under 00} He oresdeierngedsumbse ot actuptors mak pivide fgther bensfitpaas it

. ) g .
woul 0 pe’ 208 4RGLHRE Beel dho SHES SHEMHCERAD 1o RERA M Bnl e T iRl ol ErchlaB00,
si de) 26oultbroagliffut asd by eaahlingtachi gHee asdehgatidnthpreofli de for a translation in a

di rection. By oviding nore actyators acting in such direction, effects
provi ded in caiéﬂ‘l?ﬂ §ih &rfcale o m&%@%a@%&&aﬁe 189y fevdate figgua redspenpe or

count er ac gt i efbod WrtAbe ueld g)a(;éritﬂgl 8f pdrhGag: 3C1dBL CbRirolfE ThE S R millRY

be defined as a providi ng and
number of sensors and actuators, as depicted in Figure 2, may be applied to reduce or remove

discrepancies that might occur according to the state of the art by a difference between the
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10 driving of nore actuators (and possibly sensors) than would be needed in
a "rigid-body" notion controlling an over-actuated stage may thus be

provi ded with an over-determ ned nunber of actuators, i.e. a |larger nunber
of actuators than the nunber of degrees of freedomin which the stage would
be actuated in the "rigid-body" notion controlling approach. As expl ai ned
above, a stiffness of the stage nmay thereby be actively influenced. In
fact, the control 15 | oop fornmed by the sensors Xdif and the further

control |l er Cdanp .assi.sts in dapping a resonance nodu f. the st.age, as b
o ng at 1 e a it bee e’ sirost e 1B o RbIch G ER PTG Hea TG
resonance phesfsRNg th Pe Edidlolledr ti cul ar degree of freedom may be detected,
the further controller in response thereto driving the actuators of the

stage in order tl8030]tBrepgain datbmeingnmetrixi BB mapclee comsideseshbaandex proafigwedatoas

det ect ed. Ther.atq, over - det.er m ned nunber .of , 2 ctuators | ferre
so t hat forpcrg?ﬁ% é‘r{eﬁﬁ"%}rg‘a’\‘}‘ie&% SorTge Ffeo"gg%fggégrﬁs %i tﬁ? 8?@?% Of;%%‘i%%f @ﬁgs,lﬁlﬁ’e(%ce
enabl i ng t aoptroNérsl@nd fipdid ebhtrélierd @1 ¢afousREreds of GRsdonpRddd the GhysitarRaiatora
particul ar resonance node of the stage. [ 00481 The over-det erm ned

nunber of JEtvasteals ofile siegsy Indis eramiple; abeiakef tew actyaforstargrprpvided o Toay aytbs

" th . Sy . - .
thr oughput TAORY IR LR arthsi il S5 Ay AT sHR ks Bpici08 il FELREEDosToly
Further, a ineddition dfongsimilat vorialb lodpstihetistr diggreamyf fesdoat. dn thicocasa that foalyethee

or centre thereaof of which the position in paraneter is to be controll ed.
The over - dSPBFS lpeR ohligpes 3 & prewided the gaig 1Be gnairix £B H@éfiq%‘fﬁafﬂ)m’i“r? Hﬂ@me

2, may . pe j r i sgr i i:
2ccor ai'g Porceh it Bvd SUEA o AT, 567 BRARENSch ARp YA HIUE futhr
gravity andonthmler efitpuesigrel end axtwitorairnfe signelssif dypaten ActukioshAs Hepigted int Fignre 3,

Gy be BaHer geheuliGe s O oh PrRyif b nomby s To8as fan BaL beeHtPRe
control | er nuéiPéthert! @NAE Sufort SRIEREYIE.E. RhsiOtRY) tikdsRRRR! R diff@enOparts of the

controllers and further controllers invarious degrees of freedom and the
physi cal asunpartstrudniefe.gsingsiatabledfas ah exanplgedepemdenhos thexzask table ¥ positiah, nwft

ten actuators .ar royi.ded.. .They may. be.prqvided with ac tor_driv .

i gnal 181 GHH% R BRSSO S e raBLot iE Pt 35t BBR 8 spfaof ez wit
addi tion f fegpack tdTtHeadent® BF ePAvity ORD&ffdl U ot&AREAN ’DPendihg bh eRETPositivnt d¥ethe
case that only the control |1oop of Figure 3 is provided, the gain_bal ancing

matrix GB fte8e. (Thegaim peheduling mafronmep thes oanvarttsiegle wo mydi diaensignab gepsraller

signals, i t t | gr t put signal. ang..t he th |

out put si g?\lgP uta%%“%@‘? uéaﬁgrﬁ’é’ i é%i?/llé' 4 Sﬂlgﬁga%?gt %ﬁ P‘Ie rfléegg({rﬂvg{dor%g&h;‘% ! g“{)if& "3 d
in Figure RBedforwat FF} e cbiltiodgighalt fdlated30 the caitie\oif gesitwlioGh Gy Scldukiag thuer
the fact that a_ position measurement of the support structure (e.g. mask

t abl e)2% akisscquplssethat Pasitiqe deprndpnir eantel forress et scaRpingt (rferngation. onrglg
table): aﬁ;aﬁ@nﬁi@(ﬁ%&: (e%?ﬂl%&ggmeti&@) %%ﬁé@ﬁﬁaﬂ}apdp?ed\(togﬂé Lis@ite. S0he point of

control of the support structure is varied during scanning. GS then is a position dependent force

transformation resulting in six decoupled axes, during all phases of the scanning process. The

gain scheduling matrix and the gain balancing matrix provide examples of an actuator drive

25  matrix. In general, the controller and the further controller may thus drive the actuators via any
actuator drive matrix.

- [0051] The at least two sensors, which measure in a same degree of freedom, may be

located at any suitable position. At least one of the sensors may be located at a position wherein

a resonance mode of the stage at high amplitude will occur, e.g. where an anti node will occur,

30 as at that position, a relatively high amplitude of a resonant wave is observed, thus providing
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15 only the X translation of the centre of gravity CoGis neasured, but
also a rotation Rz with respect to the centre of gravity, an effect of the
rotation depending on the Y position of the stage. The gain schedul i ng
matri x may thus convert single or nulti dinensional controller output
signal (s) COS (possibly in conmbination with a feedforward out put signal
fromfeedforward FF) into control signals related to the centre of gravity
CoG Gain Scheduling thus 20 de-coupl es the position dependent control

forces. Durpn ank.ng. i nformation o ternin Vi : or
reticle) ariré)r g‘eéﬁ%ﬁ{%?ya?‘f%? 8‘@%?12%’ I?%Oqeﬁ{; Osscrt}geslt% glgstg g .m éb"%%tﬂog" ptg?r{{a ?%cglaéon% §c%I
of the supp@nipodbitbeing @used biathe ecboflaticePo b€ ablvitd Grovide 4 high serssofoptpsY igrea
dependent force transformation resulting in six decoupl ed axes, duLi ng all
phases of tHEesBeEMithFspRchlodBa onelfdheyensors el it thrpniieRode RosiHen.ARRINGANG of
bal anci ng L i I § I el s
gonoral |t g S RERH0GHAR o Thclon WhACIHAL Rafiht fodp o slake 2 flcscent
act uat oss \pointafyhearesarahiowadr willkoarat, reig« whie@0bAddde il catud. &hs factuaforsmans act sif

whi ch ' d f.f d : be, | d..at i.tabl
posi 1 on. _ APPuBRtsdhftagn Asdbi Sgther regtaller gy e gl ood BF aRoHRSy B &
a I esonancefrpge &hpﬁ&%%ﬁt%aﬁée RO MBFBE ddntd8d Whbh aiP &G Hitor Whidh iVRItRNAD

anti node will occur, as at that position, a relatively high anplitude
of a resondmactwanvapirsobibs stage whetchansanti modednaygbe foomediiny tieaesonanag hedgrof the

si gnal comppne of .t he sensar..in question, .th ar.ticul ar .si gnal. conponent
being causSimyl il be HeBRaIER i ndeidls i o be BRROTe e df@ue o T
si gnal 16li f pBsiaoEEwNiréin e SRRE mdnfohdiErefiiénc® imddee f Hig aleSa hotealidichodir, b hat
anti node position, another one of the sensors nmay be |located at a POSI'[I on

wher e in t Hifferen doraefcean bs peovaded: ycthe pefyetors aguodecadiant nedesio therelynaiempt to

r esonant | 0, . ere a node will occur. The actuators may
act at vaﬁ%ﬁlgwp%ﬁpsﬁggéspﬂ%icgwgéi As the further controller may drive a
plurality of thposel aafufétion i8nf eid sitiontsefianpinag befto andagigre nkapatenmioe desye be
achi eved when_ an actuator which is positioned to _act on_a part of 1he st age
where an aPetiotodathnay ssralk ay mossibls Ahbe (@bbsmticakcpgre BheretRe r%lna@% y fhree
will beg ap i . S NSk | 0t

ocat i e, Racianl G 13 BEhATol Bheblshlc WEaRA®IA W MELeEbHE BPhains o,
of the stayenaodwdendwid Xancader agoprohiied dvith exlendn fhersopport atmudberefe.gveimiek) by

the actuators_ on nodes anpd t|] nodes to thereby atte to actively.da
the resonaffdethfsgeoder %ea&jo? %%ﬂé’@f’ﬁﬂ@ﬂgw pgu%‘f toy \E@Sp Pesifiony B’n_goyga’ﬁy
be to masﬂﬁ-@ir&&ﬁmpﬁitzfﬁfr&tfbﬂ, ARY baRchRe 's{n}]sgfb afé %ﬁ&vﬁﬁd 0 RlehsiRS 1RIB Rxing RAPLe

(abberation)-errors. ereto, mnimally ree 15 horizontal and three
vertical positionof tlseipmkdo dess.desired. In a |ithographic apparatus, two

Y- encoders and encoder are provided ith.rul es on.the support ..
structdre (e. g.[8@§ﬁ.]§33€ Bes 10{1?‘?8“3@55’83%:1’6 ﬁ%‘gﬁyﬂﬁ t 8re‘f°€ﬁ’s‘?x“f?é%?§ﬁ'r°?‘ﬁ6{°f7ﬂ%h°n
Chuck to Lsgst (EShaRes! dande hBastiredY TRER gy 6f frﬁ?tﬂoﬁ’%:( egﬁ% Lrelbicit§ O laBdblerdtiar

capacitive sensors are provided to neasure the” Z, Ry position of the
Chuck to Isigrsls appli@D®3hearimes thosisonamesensors may be redundant. Therefore,

may ot be ext ASAIRE e afREt AERETE oGty FRE Syl SRR

r esonancesear outside edges of the stage) to allow an accurate measurement of e.g. rotational positions.

25  Further, in an embodiment where the actuators include a motor such as a linear motor, it is
preferred to keep the sensors some distance away from such actuators, as (eléctro) magnetic
fields of the actuators may disturb an accurate operation of the sensors. This particularly holds
for the Y-actuators, as high accelerations in the scanning direction needs large forces to be

generated by such actuators, which may result in high magnetic fields.
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[0054] In an enbodi ment, the sensors are positioned at a distance from each
other (e.g. near outside edges of the stage) to allow an accurate
measurenent of e.g. rotational positions. 25 Further, in an enbodi nent
where the actuators include a notor such as a |linear notor, it is preferred
to keep the sensors sone di stance away from such actuators, as (el ectro)
magnetic fields of the actuators nmay disturb an accurate operation of the
sensors. This particularly holds for the Y-actuators, as high accel erations

in the scanning gi i on heeds . large forces.to,be.generated by.suych
sctuators. i criones) TisirBer ol ey stk op QiR bt g Hflsensor
further co néi%eﬂsl 8f theByo dedsefsinng sihe deirké of ABsRMBMRBNsifaBlet oYRratidnSfich as
signals of the two sensors in a sane degree of freedom by an% sui tabl e

oper at i on, - ShEkction. Al thecfurther captellerthay Subttasbp eonptepbvplue the pbtained a
constant val. o) i i e . LESH i

havi ng a vgt}lﬁgreh %gc?hals?(gregu gt g‘?\%ﬂg}; tlt‘a&%ggez{r]gﬁ?ez&%%géé %‘ﬂaﬁ o nlgﬁ%%%?o%g%@ga 1o
nodes o6&curresonance mode®0baf. Enbodi nents as descri bed here not only assist in
danpi ng resonance nmodes of the stage but may al so be applied instead of or
'n Badr ti on t herlG%9) EstediasEasdera esand pabrssist i gBMMAETeSqMERETIRFRES of
torsion or i t :

depi ot ed | APk RS Rp HRELARL sl ALoidK RBoh A6 To RN SEheRfof the
cont r ol | er stagn, &firsdueingripisntdrdonsmsirhedes theoeufr ol | er Cpos may be increased

whi ch may result | aster, nore accurate pqQsitioning.of the s e or. m
al low to reducet[%dsmabg thy guphgr Ongy erﬁ%gggf‘é%‘tg“ﬁ%g!bf‘n‘i:‘ﬁlﬁﬁ’o‘glt@%ﬁ?ﬁ?ue?éd
havi ng@ | eieddyi thé BaRllet B tib bk pRple BRNSIsRonSon@Bler ¢ 3, B8 bERRRAKINGhich
driving of the over-determ ned nunber of ‘actuators to assist in enhancing

an ef f ect i waysesultfiméstor, afore hecugatagesitigwngofthe sthgey orandyealtow totredurg ¢ snass of the

reduction of the, stage | ow 15 hi gher celeratio t he stage ,.
t her eby pr 8@5%?8356 gag%dfsgﬁé?n %%%%u?%é g?vé?ﬁ)%wf’é%l@es%n@ee%Stﬁ?rs(fonﬁ?@%gpd 1ts
accel er at i efsespoillifg dSHAL 0 theB¥drldeb@minddafuner bP actahdBEto assist in ¢fBBR3lg an
Al though in Figure 3, a single control loop with a single further

c;)nt r Fl | er efff%i"ﬁééfﬁll@h efie stagsodis i furthergelistt, thefamg&sag@qﬁiey o ghepgegnaedllay a
Pt ol Biepfio Rt B0, St Mhalphaibviiterh RER ol FopE Bster

control | ompsehents, héghebycceRedtions andfanitioner stitliag Hafke daRatagede whi ch excites
the stage in nore_than one degree of freedom_ or to danpen various

][ Ies on g_n ce nmodes(0088lutithaieh in Figie dea sipglerqoatspldarp patisosingiediiter soatligs has
ivent i oo, Sith Shori. 3! AEi0GRE i the WAL BEBERIA % ALBRPORLIHRG) 108y ot

| east 25 ofoea gagiceler ddgréa efeftteddpmi 8 spitabls fietler onaclerdeingdyrosidad éor tivo obinoek

AT T AT G AR ONE R SRR

in more than one degree of freedom, or to dampen various resonance modes in different

degrees of freedom.

[0059] Figure 4 shows a flow diagram of a stage control method according to an

embodiment of the invention. In block 400, an over-determined number of actuators (in at least

25  one degree of freedom) is provided to act on the stage. In block 410, a position dependent
parameter of the stage is measured by at least two sensors, each sénsor to provide a respective
sensor signal, the at least two sensors to measure the respective position dependent parameter

in a same degree of freedom. In block 420, a controller output signal is determined in response

to a setpoint and the position dependent parameter as measured by at least one of the sensors. In

30  block 430, the controller output signal is provided to at least one of the actuators. In block 440,
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sensor signal, the at |east two sensors to neasure the respective position
dependent paraneter in a sane degree of freedom In block 420, a controller
output signal is determned in response to a setpoint and the position
dependent paraneter as neasured by at |east one of the sensors. In 30 bl ock
430, the controller output signal is provided to at | east one of the
actuators. In block 440, a difference is determ ned between the neasured
position dependent paraneter fromthe at |east two sensors. In block 450, a
further controller output si is determined in response to the

ot or i nod BRHFEHSR b deBRed BRvseR G B oSt i GRERPROmeGT fism i o
signal is praxids gexfs@rsafn bl8aSHs®) @%l@ﬁertcbﬁtr(ﬁfé'& Hﬁttpﬁf Signabiddi@miReI@fredpdnse to
enbodi ments and further features as describ 5 above with reference to the

stage and |ihe Idgfgmalpbd dlf&p@@cafhﬁy a&m@ﬁﬁ)gﬂtecfuahermts@lﬂmtp%ﬁlgnﬁés provided

I nvention Vi o.b abI to the thdac | '

of the invent eﬁaofﬁg]%%FB tg%ggﬁnﬁaé% d%%e?f%esgggggé%h
[0061] X : dl%&éwtﬁréféféﬂéﬁ toshe@tﬁg%@h&ﬁ&m@faphmpgﬁm M}dlngtdzerdmbwnﬁm bfthe
position and provide S|t|ons as a controller input, 10[0062 Compar e

actual si x ipwmtigpmayiakse beaprlipadle @.tb%n@@péépwdraam wgergb%ém é ‘P’@HP%HO@
controller errorO?G%ﬁn e&g&ﬁ%n@%s@%%%%gﬁay Q}ﬁ) qL.rect i on forces that

wWill mnimze c error egral Derivative and

LowPass and Not q00d1j I1§ﬁnsas0mﬁcnm[ herdsgreé\qcrﬁlfyeedﬁhmbbﬁ) pdt&ﬂﬂﬁgdmwpdsﬁmmdt 0
enabl e fast se tling éOOG% Transform si x DoF controller forces into
de- coupl ed PE9¥ W’@%‘F@% ogRir H’é‘ﬁ’é‘ htre of gravity to conpensate for

posi tiqp dependgsongégrdo%gﬁ&%tuaﬂ 9098r Bhsitith Wik pIsHiohRpdiWile! @i and

measure N-DoF r Ition, velocity or
calculate controller error.

[0063] 3] Calculate six DoF correction forces that will minimize controller error. Use
Proportional, Integral, Derivative and LowPass and Notch filters controllers. Apply setpoint
feedforward forces to enable fast settling.
15 [0064] 4] Transform six DoF controller forces into de-coupled six DoF forces at the
centre of gravity to compensate for position dependency during scan.
[0065] 5] In the “further controller” measure N-DoF resonance position, velocity or
acceleration signal, use N-DoF available sensors or add extra sensors (N being 1, 2, 3,4, 5 or 6)
[0066] 6] In the “further controller” calculate N-DoF forces to damp to resonances
20  using Proportional, Integral, Derivative and LowPass and Notch filters controllers.
[0067] 71 Add the output of the “further controller” to the centre of gravity forces from
the normal controller.
[0068] 8] CONTROLLER OUPUT: Transform all logical six DoF forces at the centre
of gravity into six or more actuator control signals, that drive the amplifier for the physical
25 motors
[0069] Reverting to Figure 3, the further controller may include any suitable type of
controller, such as a PID (proportional-integrative-differential) controller, or any other type of
controller such as an integrative controller, proportional controller, etc.. The further controller
may be implemented in suitable hardware such as analogue electronics or other control

30  circuitry, however the controller may also be implemented in terms of software instructions
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accel eration signal, use N DoF avail able sensors or add extra sensors (N
being 1, 2, 3, 4, 5 or 6) [0066] 6] In the "further controller”
calcul ate N-DoF forces to danp to resonances 20 using Proportional,
Integral, Derivative and LowPass and Notch filters controllers. [0067] 7]
Add the output of the "further controller” to the centre of gravity forces
fromthe normal controller. [ 0068] 8] CONTROLLER QUPUT: Transform

all logical six DoF forces at the centre of gravity into six or nore
actuator control signals,.that drive the anpl.ifier for the. physical 25.

mot or s [ 0069}ClREY bE 16744 B0 G SPTOEREINB P YRGS Eib i oTToE RS PR By
sui tabl e t ¥faeiclof R MithSrahic apP&RuaSSithilBhY, the %ain balancing matrix GB as well as the
(proportional -integrative-differential) controller, or "any other type of
control | er geircichediliag matrizeGBas demcted it Fightedrmaybofooned binsuitablsiwardyydreguch as

s anal oguetitie i esirShieT et by rinBapTaEe iEftubies b bR G Syl by beaUAg
control er Jebite of &0 L grappicippatad. i n terms of software instructions which

may be | oaded into a suitable processing device, such as an alread )
exi sting procesd0§] ddthough srrectiieereforanee graxhireade p Hhia text to e 5§ aﬁﬂ%?gfﬁmc
gai n bal angjn | | . ' ' ]

dopt ctod 1 AP LT 6 pBEaltE e 108, WEouRF LB BRSO DS clFhbdeabiic Bpoapptus
anal ogue eldegtibehhesin My hyvdelsihegaslichadisesuchdsribie ianufactupe bfintograted eplida) a
processing 5 device of the |ithographi ¢ apparatuys. ,100701.A|§hou h ‘i’? cific
ref erence RESjeB® gHigecy andidetaction patiergs {95 andpngtic AOMAIRHRGRATS: a'éfbag'ﬁlr &%n

;Bgafgt‘i‘&ufs aGl S Nal! §Splald (BOPH), e AR IRESARRIniAAR! efcherne §BA8H aRtian 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

15  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.

20 [0071] 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

25  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 épattem in it after the resist is cured.

[0072] The terms “radiation” and “beam” used herein encompass all types of
electromagnetic radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of or

30 about 365, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a
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descri bed herein may have ot her applications, such as the manufacture of

i ntegrated optical systens, guidance and detection patterns for nagnetic
dormai n nmenories, flat-panel displays, 10 |I|iquid-crystal displays (LCDs),
thin-filmmagnetic heads, etc. The skilled artisan will appreciate that, in
the context of such alternative applications, any use of the terns "wafer"
or "die" herein may be consi dered as synonynous with the nore general terns
“substrate" or "target portion”, respectively The substrate referred to
herei n may ess f after X r |n f r.e

e TR G RRER G l R5 20k Sy AR Sl oL AR S
devel ops tm&mﬁmposed reS|st) a nmetrol ogy tool and/or an i nspection tool.

Wher e applicabl e the di scl gsure herein may be applied to such and qther
substrate proces@#Y Thasdean “lepss wWhete ﬂt@r@ﬂé@}ﬁ@ﬂ@% elaﬂa‘;felbfe 2By GReLLGNbipgtion
than once, §Or,LXAMFed ’bfo filal t 90&15&%}1& am@iﬁd} r@ﬁf&‘c‘%wé C’reﬁébnlkzbatna%@%nc
terntsubstrate used rein y al so strate ‘that a

cont ai n$ nuﬂﬂmphmgmﬂﬁuﬂd&mﬂmbayewsmnﬂn&mﬁimimAlthough specific reference

may have been to the di nent s of e jnv nti nin t.
Context “of opt | A4l \Whis pessiny critodimens abs ppRk i abrRAS et
may be usedselppRENAGI BRPhE %Ieht%}ﬁmaﬁ 8t ﬁi&ﬁ@&& SthbRsd Rhn hd ARLSHEP Ry epithle,

where the con ext all ows, is not |n1ted to optical lithography. In inprint
| i t hograp hyhauwgpng:rmpmakp mheafopatotf ercainpyted pmgmn deftaimgng edecorpuereseqrepeesatfed

on a substrat The atte e may_ be, pressed
o o oy rchinergtieb P BREARIGs Yescitind B bEHPLCE SRAPE s Prer 7Rl SB7ES
cured hy apdiiodde. ?I 86inlconMIRt membAd irdddnetic di'Qi}fttcalpﬂ iSISSHAvEn@ suéh a computer
conbi nati on t hereo The patterning device is noved out of the resist

| eaving a Péﬁ?@nﬁ“¥%1ﬂ$ﬂ%ﬁter the resist is cured. ' [00721 The terns
"radi ation" and e (o] ng
radi ati on, incl &WE%F? §s§c§ip§§ﬁs a'b e@%uﬂ@%ﬁ%ﬁ?éﬁﬁ%&&ﬁ@% 1f10t1 a wave e%‘éﬁh
of or 30 abeuppdtd, to2dfe skifléd niL&?e &t tHat Emodi¥icativhs axdy Bmadbttbathvu@t@txoﬁ EsV)
radiation (e.g. having a wavelength in the range of 5-20 nm, as well as
particle béessRbed withouslepyting Eqms tg@ﬁc‘é‘leé’(flﬂ? oHagEsgEout below. 100731 The term
"lens",swhere the context allows, may refer to any one or conbination of
various types of optical components, including refractive, reflective,
magnetic, 5 electromagnetic and el ectrostatic optical conponents.
[0074] Wil e specific enbodi nents of the invention have been descri bed
above, it will be appreciated that the invention nay be practiced ot herw se
than as described. For exanple, the invention may take the formof a
conput er program contai ning one or nore sequences of machi ne-readabl e
instructions describing a nethod as di scl osed above, or a data storage 10
medi um (e. g. sem conductor nmenory, nagnetic or optical disk) having such a
conput er program stored therein. [ 0075] The descriptions above are
intended to be illustrative, not limting. Thus, it wll be apparent to one
skilled in the art that nodifications my be made to the invention as
descri bed wi thout departing fromthe scope of the clains set out bel ow

T,

3»—4
(Q....

20




15 WHAT IS CLAIMED | S: 1. A stage systemfor a lithographic

appar atus conprising: a stage; a plurality of actuators
configured to act on the stage, the actuators being over-determ ned in an
actuat or degree of freedom at |east two sensors configured to

each nmeasure a position dependent paraneter of the stage and to provide a
respective sensor nal, the at |east tw sensors being arranged to

measur e tW@E%@éﬁﬂ\gEDﬂﬁm ti on dependent paraneters in the sane degree of
freedom a controller configured to provide a controller output
signal to at least one of the plurality of actuators in response to a

set poi nt and t he podistagosysgafenalithegrinicoapptrelus eanprisiegur ed by at | east one
of the sensors; and,, e a further controller provided with the
position dependent pararret ers as nmeasured by the at |least two of the
sensors, the furthet ploohity o dctrtosorhfiguedtd dcb onldteattagenibe actditdt driop omer-

bet ween tg exﬂ%éd%?rpa poepgﬁ?iomron ters fromthe at | east two of the

sensors an% to prOV| roll er output signal to at |east one
of the plurality ofatacmsua\toosessorsnconﬁgpcxhs)eeablontetrsered:epmt'rdnnieplendbrftfpelramme

wher ei n thftetft|l StalIeegi%ttoone f the Iur al |t et uators acti ng |n ace rdance

to the fur IpimVl °Suf Sﬁ’u?t YSi Senso na? et| \}% Stytwlorf\% er arraltl%presm ng

a resonanneasmadhe mﬁpet:ﬂn\e p@slagledapfamdeht ﬂamneltreem tmmdelgree of freedcﬁn The st age
system according to claim1 erein | er and the

control ler are conf?%oﬁgg@rtcgn%ﬁfvg Pﬁ)é{l IaLﬁoﬁtlr?l e§/° tPutaﬂ:ginﬁlatP(? 56 %fnthe
act uat or ﬂ]lura‘M@/ dfattiatsrs in responsSto alRpofit agieths yssiteim dapadernd ipigmeer &l 1Adadlirdd
wherein o f the g{hf«‘l east tvvo sensors is located at a position where a
resonant WaleeSEF PLR SHSYSAMs when the stage is in a resonance node.

4. The st age accor di fighér@ostAeNMrdvid¥heitethe poflfod @HOMRATL pavRterE246Ghéadlirk®N |1 S
an antl by the at least two of the sensors, the further controller configured to determine a difference
between the position dependent parameters from the at least two of the sensors and to provide a
further controller output signal to at least one of the plurality of actuators in response to the
determined difference;
wherein the at least one of the plurality of actuators acting in accordance to the
further controller output signal is actively involved in suppressing a resonance mode of the stage

which has been excited.

2. The stage system according to claim 1, wherein the controller and the further

controller are configured to drive the plurality of actuators via an actuator drive matrix.
3. The stage system according to claim 1, wherein one of the at least two sensors is
located at a position where a resonant wave excitation occurs when the stage is in a resonance

mode.

4. The stage according to claim 3, wherein the resonant wave excitation is an anti

node.
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node. 5. The stage system according to claim 3, wherein another one
of the at least two sensors is |ocated at a position where a resonant wave

gui escent point occurs when the stage is in a resonance node. 6. The
stage according to claim5, wherein the resonant wave qui escent point is a
node. 7. The stage system according to claim1, wherein the further

controller is configured to provide the further controller output signal to
one of the actdat or%hqo%@etsmﬁ@@cmdlag to Gine3, pehercimfnathps oge alfhe aHeasttvep
resonant WX &rs ?g(l(t&at‘t@& 49 o%i%ioffl QiR e n%:itrvga&g g%gc%n{rﬁoqﬁ o(?:{:urg Wﬁer? 29Bpe

8. The stage system according to clarm 7, rern e resonance wav

exci t at i ofis ins resonanrt madede. 9. The stage system according to claim
1, wherein at |least two sets of at |east two sensors and at |east two
further controllers_are provided, each further controller configured to
provide a furtfrer cOit ﬁi%ﬂelaé?org‘t‘}g futleg §ﬁ’§}er§1%th€é§538ﬁf§§v 36 WIREPHNR 1$7 gnal s
fromthe pggpective set of sensors. 10. The stage system according to
claim1l1, wherein the stage conprises a support configured to support a
patterning device to inpart a radiation beam of the |ithographic apparatus
Wi th a patternsin ifg sﬂg%ségﬁtgrﬁ%&o?&{l%%c%i% p.v&h@?eérﬂh‘ér ek Xonck{ou jsuators
conprise east §canning direction actuators, each
scanni ng denfeatddan pavideahofusthar doatrgid oatpuasiged geomafoftiieacaappopdsitionedxert a
force on the support in a scanning direction,. . . at | east two
second di PEOPIPIRNTQEINTAIAEF YI5ES EPBRRVAL CSPHHSR HpoETere %stwew%&?t to
exert a fgfGegen the support in a second direction substantially

per pendi cul ar 'to the scanning direction and in a plane of focus of the

| i t hographi c apparatus, and at least three third

di rection actuator It f a
force onto thegsungggﬁgﬁggﬁéhFggﬁﬁngggagﬁﬂgﬁfg?%%E?% F@ng%ﬁéﬁ(lcﬁ§%r to
t he pl aneisaih aht auds. wherein the stage systemis controllable in
six degrees of freedomw th at |east seven actuators. 11. The stage
system according to claim10, wherein, as seen in the scanning direction,
the scanni ng dyrectiaeiiatahscddify & dARNE WHeRiRat 1ERMw St raf 1ehdd wo

support and a back side of "the support.
sensors and at least two further controllers are provided, each further controller configured to

provide a further controller output signal in response to the input signals from the respective

set of sensors.

10.  The stage system according to claim 1, wherein the stage comprises
a support configured to support a patterning device to impart a radiation beam
of the lithographic apparatus with a pattern in its cross section,
wherein the plurality of actuators comprise
at least two scanning direction actuators, each scanning direction
actuators arranged at an edge of the support to exert a force on the support in a scanning
direction,
at least two second direction actuators positioned at opposing sides of
the support to exert a force on the support in a second direction substantially perpendicular to

the scanning direction and in a plane of focus of the lithographic apparatus, and
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12. A lithographic apparatus conprising: an illumnation system configured
to condition a radiati on beam a patterning device support
constructed to support a patterning device, the patterning device
configured to inpart the radiation beamw th a pattern in its cross-section
to forma patterned radiati on beam a substrate support constructed to hold
a substrate; and a projection systemconfigured to project the
patterned radi ati on beamonto a target portion of the substrate; wherein at

| east one of the supportgﬁlé w%gﬁ\gc% Qct A To[HEY ry@gl«ag;leqi o&;éc%the

st age; ua ors co ure on the
st age, theumottuataiisa Memglta)nhe supjnerten mtmetkhrentmnsmsthmmﬂgrpenj)egmedardb the
freedom at | east two sensors configured to each neasure a

posi ti on BEPBEAGERAYS paraneter of the stage and to provide a respective

sensor signal, the @herki@asd sthodQySEMSOEBALNG irAdiX ARPEH of BreSRASWE aft 184t
respective position dependent parameters in the sane degree of freedom

a control Peen@gHttPHured to provide a controller output signal to at |east
one of the plurality of actuators in response to a setpoint and the
posi ti on dependent paraneter as neasured by at |east one of the sensors,
and 11.  The stage sgstémratdveding ontlaiol I(EIWhpredmiadsﬁén\iwithhswmaingosi tion

de endent arane ers as asured by the ast,. t he sensor,s, the
Bttt e A R S AR S
p05|t| on depandemthaiapgiret ers fromthe at |east two of the sensors and to

provide a further controller output signal to at | east one of the plurality
of actuators in response to the determ ned difference;

wherein the at ieasl& ra?)fmct EarQ@uH"c@rh é?f actuators acting in accordance
to the further contro r “out put S|gna Is actively involved in suppressing

a resonance node ofantlﬂemstaagmsymtmctnnﬂigarebe@mrelnmntaeddmtlonbeaml3 The
| i t hographi ¢ apparat us, accord troI and

Lhe Tor epar oo BB Syt Py e e e el P

actuat or gittey@ingBdvideconfigured to impart the radiation beam with a pattern in its cross-section
to form a patterned radiation beam;
| a substrate support constructed to hold a substrate; and
a projection system configured to project the patterned radiation beam onto a
target portion of the substrate;
wherein at least one of the supports is supported by a stage system
comprising:
a stage;
a plurality of actuators configured to act on the stage, the actuators
being over-determined in an actuator degree of freedom,
at least two sensors configured to each measure a position dependent
parameter of the stage and to provide a respective sensor signal, the at least two sensors
being arranged to measure the respective position dependent parameters in the same degree
of freedom;
a controller configured to provide a controller output signal to at least
one of the plurality of actuators in response to a setpoint and the position dependent

parameter as measured by at least one of the sensors, and
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14. The lithographi c apparatus according to claim 12, wherein one of the at
| east two sensors is |ocated at a position where a resonant wave excitation

occurs when the stage is in a resonance node. 15. The I|ithographic
apparatus according to claim 14, wherein the resonant wave excitation is an
anti node. 16. The lithographic apparatus according to claim 14,

wherei n another one of the at |east two sensors is |ocated at a position
where a resonant wave qui escent point occurs when the stage is in the
resonance mode. L7 e LdokeDRS ARG BRPHEFURPEGRAM] farkleEh 3™ 16,
wherein the resonant wave qui escent point iIs a node. 18. The

i t hogr aphicesuagshly thews lasiciorodiinge senseisathm figher whraiencanfigued te Wetermine a
control| eHiﬁe?en%QQgt{NQéﬁrtﬁéjF&sRiog Qiglye!nﬁé’nt Eﬁﬁm&%{s%ﬂ{ thé QQE{sﬁ{vaoe{f tf?éjge&#)trs flagpal to
one of the actuators positioned to aCt on a part o e stage ere a
resonant weoveleaxuitheatintnalléroufpor npml forat kast esonfdhecgunbgef eftudtbre istesngese to

19. The lighparaphi &~aRparatus according to claim18, wherein the resonance

wave excitation 1s an anti node. 20. The lithographi c apparatus
according to claim12, wherantheat ldagamt of the phedlsy of acatatdre@sihg invecadaser s
and at | eas fur r controllers. are oyi.ded, each further controller
cont rgur edb 6 Fhs SRENEE pfBt et S Bl P B PRy e ipsBRBLOE | he
i nput si gsagswhiclomstbhen axeisqgdect i ve set of sensors. 21. The

| i t hographi c apparatus according to claim12, wherein the plurality of
actuators conprises - at least two scanning direction

actuators, eaclh3.scarnkd lithogdiphCippariuaadconlingl 8 chiith ADORkkréh tlRtofG@@Rr add thbe at

| east one_.of the s orts.to exert force on the support at |east one of

t he suppoffrdes “r?ngo@g g’ﬁ SPHLPUERIR g‘FYeotﬁ? actuators via an actuator drivemaiigast two second
direction actuators positioned at opposing sides of the at | east one of the
supports to exert a faorce on the at |east one of the supports in a second

direction substént i Halifhqssphisrapairnicoordingie clawm hhivhgred sneof thert kad tye a

pl ane of £&i6dts isObcdideat lal fobitiBh ARG RRIPAKALVE ex@Afon occurs when the stage is & al €ast
three third directjon actuators each positioned at an edge of the at | east

one of thESYWEPPIRIE to exert a force onto the at | east one of the supports
in athird direction substantially perpendicular to the plane of focus,
wherein the stage systemis preferably controllable in six degrees of
freedom wi t h atd | eabie lithegssphicc anparapys saccording to ziaim TiHe whineltode apiehant aysyar at us
accor di Nge.tBadndl N Alinodbrerein, as seen in the scanning direction, the
scanning direction actuators are attached to a front side of the at |east
one of the supports and a back side of the at |east one of the supports.

23. A stage COfy r OlTl@qft}%%gapﬁl%%f)irgthggécording to claim 14, wherein another one of the at

least two sensors is located at a position where a resonant wave quiescent point occurs when the

stage is in the resonance mode.

17. The lithographic apparatus according to claim 16, wherein the resonant wave

quiescent point is a node.

18. The lithographic apparatus according to claim 12, wherein the further controller
is configured to provide the further controller output signal to one of the actuators positioned to
act on a part of the stage where a resonant wave excitation is formed in a resonance mode of the

stage.

19.  The lithographic apparatus according to claim 18, wherein the resonance wave

excitation is an anti node.
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providing a plurality of actuators that are configured to act on a stage,
the plurality of actuators being over-determ ned in an actuator degree of
freedom neasuring a position dependent paranmeter of the stage with at

| east two sensors, each of the at |east two sensors configured to provide
a respective sensor signal, the at |east two sensors configured to neasure
the respective position dependent paraneter in the sane degree of freedom
determ ning a controller output signal in response to a setpoint and the
positi on dependent paraneter as neasured by at | east one of the sensors;

providing the ggntrehd ﬁﬂho%'ﬁl%fﬁé‘ﬁpp%}mcc&ﬁir%tto LRas 12, 0nerGh at 18Rt 86 Wat or s;
determ ni 2)? a difference between the neasured position dependent paraneters

fromthe &falleagttwa sepsasepsortdeast two further conteidicesrans prorigled ehely furiber control | er
out put si ' - e .fference; viding the
Fur fher - c o il e EBRNTE ol 1 A% SRR o ol AR B AR A

wher ei n t kignas flomahe raapeztioé sdt b€sedsdrslat or s acting in accordance to the
further controller output signal is actively involved in suppressing a

resonance node of the stage which has been excited. 24. The net hod
according to chai m 2@ lifﬁ'f)?{aﬁli@aﬁﬂ%@auﬁcic&ﬁrh&gio 8lafin U7 I MRReiRhetphgal@9REr Ol | er

out put signal and the further controller output signal via an actuator
drive mat p¢trators compriggs, The net hod according to claim23, wherein one of

(e o oot L1 Senor ot GBS0 AALA T, 0 S 0000, e
accor di ngattoatatsarmmgzd,at whedgeiofi tiehae Ichstronb ef theanppodts keexerts forrfonghs ed
support at least one of the supports in a scanning direction,
at least two second direction actuators positioned at opposing sides
of the at least one of the supports to exert a force on the at least one of the supports in a
second direction substantially perpendicular to the scanning direction and in a plane of
focus of the lithographic apparatus, and
at least three third direction actuators each positioned at an edge of
the at least one of the supports to exert a force onto the at least one of the supports in a
third direction substantially perpendicular to the plane of focus,

wherein the stage system is preferably controllable in six degrees

of freedom with at least seven actuators.

22.  The lithographic apparatus according to claim 21, wherein, as seen in the
scanning direction, the scanning direction actuators are attached to a front side of the at

least one of the supports and a back side of the at least one of the supports.

23. A stage control method comprising:
providing a plurality of actuators that are configured to act on a stage, the
plurality of actuators being over-determined in an actuator degree of freedom;
measuring a position dependent parameter of the stage with at least two

Sensors,
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to provide the further controller output signal to one of the actuators
positioned to act on a part of the stage where a resonant wave excitation
is formed in a resonant node of the stage. 527. The net hod according to
claim 26, wherein the resonant node is an anti node. 28. The net hod
according to claim 23, wherein two sets of at |east two sensors are

provi ded, a respective further controller output signal being determ ned in
response kgehtdfahé aSRESR iy 8elsdBUdonSip@Ba kS pfovdd 4 REpdct s SdbdrvegiBtthOht

sensors. 10 ) o i
least two sensors configured to measure the respective position dependent parameter in
the same degree of freedom;

determining a controller output signal in response to a setpoint and the
position dependent parameter as measured by at least one of the sensors;

providing the controller output signal to at least one of the actuators;

determining a difference between the measured position dependent
parameters from the at least two sensors;

determining a further controller output signal in response to the
determined difference; and

providing the further controller output signal to at least one of the
actuators;

wherein the at least one of the actuators acting in accordance to the further

controller output signal is actively involved in suppressing a resonance mode of the stage

which has been excited.

24.  The method according to claim 23, wherein the actuators are driven by the
controller output signal and the further controller output signal via an actuator drive

matrix.
25.  The method according to claim 23, wherein one of the at least two sensors

is located at a position where a resonant wave excitation occurs when the stage is in a

resonance mode.
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26.  The method according to claim 23, wherein the further controller is configured
to provide the further controller output signal to one of the actuators positioned to act on a

part of the stage where a resonant wave excitation is formed in a resonant mode of the stage.

27.  The method according to claim 26, wherein the resonant mode is an anti node.

28.  The method according to claim 23, wherein two sets of at least two sensors are

provided, a respective further controller output signal being determined in response to the

respective input signals from the respective set of sensors.
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