STAGE SYSTEM AND LI THOGRAPHI C APPARATUS COWPRI SI NG SUCH STAGE SYSTEM 5
BACKGROUND Field of the Invention [0001] The present invention relates to
a stage system a lithographic apparatus including such stage system and
stage control method. 10 Description of the Related Art [0002] A

| i thographic apparatus is a machine that applies a desired pattern onto a
substrate, usually onto a target portion of the substrate. A |ithographic
apparatus can be used, for exanple, in the manufacture of integrated
circuits (ICs). In such a case, a patterning device, 15 which is
aIternativeI§ referred to as a nmask or a reticle, g be used to enﬁrate a
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pattern can be transferred onto a &g, wWggNen (e.g. including part of,
one, or several dies) on a substrate g a S|I|con wafer). Transfer of
the pattern is typically via inmaging onto a layer of radiation-sensitive

material (resist) provided on the ggg @@ In general, a single
substrate will contain a network of I8 target portions that are
successi vely patterned. Conventional |ithographic apparatus include

so-cal | ed steppers, in which each target portion is irradiated by exposing
an entire Flpldtqféhmlmnbonhe target portion at once, and so-called scanners,
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synchr onouﬁaydlag@mmMe@we@qﬁ@gtﬁg o] AlettRd, or anti-parallel to 25 this
direction. It is also possible to transfer the pattern fromthe patterning

devi cd%t o the substrate by inprinting the pattern onto the substrate.

[ 0003] | n%e%?ﬁ%?‘g“gf qge?atg@Atrpr oughput of the lithographic apparatus, e.g.
ers

on an anoun e processed by the |ithographic apparatus in a
certain tine pdoo0af A tidmgraphic appafaaasisregnﬁﬁlaﬁdshaara@pﬁésc@Ideglﬁetdl m&nobntstaages
such as a substrate_ table or mast tﬂPle 30 Fur.thernpre, denmands, on
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t endency to I ncrease
15 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. 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, & 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
mcreasing speeds and accelerations of stages such és a substrate table or a mast table.

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




a size of the mask, in conbination wth an increased demagnification factor
of the projection optics, the increased size of the mask to be able to
provide the required |l evel of detail on the nmask. On the one hand,

requi renents as to a high scanning speed necessitate to keep a weight 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 stiffness, to avoid occurrence or
excitation of resonance nodes of the stage which tends to result in
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racy as the se ecreases.
Fur t her norigetheh sptimived dpretididpeaicesorencdshubost tdeband®idth dlnt feperah \this emuyEfiply or
the "silent world" whi ch are i nduced by the mpvenent of the stages

stiff coupling between actuator and sensor positions, which may result in a relativély 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 [0005] 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




2 thensel ves due to cross-talk, may increase (e.g. the lens, imersion)
which may also result in a deterioration of the stage accuracy. [0006]

Si nce vibrations and di sturbances may becone limting for the stage
accuracy and thus overlay as the throughput increases, it is desirable to
solve or at least alleviate the 5 above |limtations and conflicting

requi renments. [0007] Thus, given the high requirenments on the throughput of
the lithographic apparatus, conflicting requirenents come into existence,
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at | east tvl% ansor_s 15 to peasure a position dependent paraneter of the
stage ahd tRovpHBVRHensandcepllicting iequiEemets. sjgnal, the at | east two sensors

bei ng arranged FeARK i i ! t r in
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and a fur ﬁ?@&t%g’ﬁtpf‘ Pllj’éarncﬁﬁ?a&??q}éeaﬁﬁ'&@’? ed with the 20 position dependent
paranmeters as neasured by the at | east two of the sensors, the further
controller to determne a difference between the position dependent

par anetler SSYMMARKe at |east two of the sensors and to provide a further
control |l er out i.ghal .t t |least one of th actuators in response to
t he det er ni nedqﬁétﬁégltgﬁ%g?ﬂ)ﬂ%@fﬂﬁa‘}"ﬁ afﬁfﬁ?‘ﬁ’é’rpegﬁ%ﬂ}cﬁ@ﬁhe&?agf’he i nventi on,
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support a fpad litbpgraplyc dpraretes inchidingatstage s plyratitudfaetubiors, theaaatorstoatt on the
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radi ati on beamonto a target portion of the substrate, wherein at |east one
of the 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 response 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

controlier 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
actuators in response to the determined difference.

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

256  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




30 support and the substrate table includes a stage system The stage
systemincludes a stage, a 3 plurality of actuators, the actuators to act
on the stage, the actuators being overdetermined in an actuator degree of
freedom at |east two sensors to neasure a position dependent paraneter of
the stage and to provide a respective sensor signal, the at |least two
sensors being arranged to neasure the respective position dependent
paranmeters in a sensor degree of freedom a 5 controller to provide a
contr ol | erp|guliBHSf ahuafoRd, tHeQchhtorE@%kt Be Yhigd, AR RALHAL S %&J&&Hﬂﬁbﬁ%& a
set poi nt and the position dependent pararret%r as m&*asuredg y at |l east one
of the serasdrator dggeeeaf fitedonhat leagrivo sthsers tnmiaabure 8 positivn degbndért fpatakmeter of

iti dent et . d th t, | t t f th
Ponsor ot RESREF P PARATE 5ifePSig Ritth Siens ol M loF Liploreiiopt Petpg rfkid to
position deperdeist repfdcav® pBifion IdRpRddest pirahRRSd il WoseAfor! MGr&eHE Blesdctdat O

provide a further controller 10 output Signal to at |east one of the
act uat & s GoRtrplerde psevidan eantroflen atpatsiapaliiof at dgashens. of flopactyatoxs dwregponge toaan

enbodi nent . ' i ' [.QVi] cont r-al t hod

"l udi ng Syt HEER e BalaiieRl 8 bidiliy 5 ARG G R B selPHO R e
st age, t hefurthatcoatralics whidhigpoviicd atithrthe pettidndependaat pradrodterd @gimegsuddd by the
freedom me?suri ng positign  dependent paraneter of the stage by at. | east
two sensori leagthg of hesgpsors, the fgithercontrollss kpdsterpine s differrnge bagemilic pesitiont

| east two ' b

e sensarPqaencpaSpEEATHLE (I IEEERRTH R BB alp AL ReaRs AR
resporide tamtpat sighaldd at leasiode ofihe pamatbisan rehppesede fite desarmiredeliffasnceeasur ed by

Meast one of ¢ HOOLT AR o aBebniimety b veation Bh inmieBied ne9ckond oq
posi tion geARSH aftludisy ﬁmcﬁﬁgsafﬁlﬁmli{yh@f &dudt8RS thel 1R 0 301285 og%ﬁeggtagaitﬂa a

further 20 controller output” signal “in response to the determ ne
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Figure 1 depsenser degrea ¢fdiicdpmi detenppaingeronteliesoyinyg signaldn resppsgitore setpeint t he

I nVentl oNind 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
20  confroller 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
[0012] 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; 4 [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 nmethod according to an
enbodi nent of the invention. 5 DETAILED 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
(i1lumnator) Ijgo15ankh@us e&:gid?s GOBSH I O aGraful@OE & sQBe REANLB ab&rfing WY an
radi ati on or any other suitable radiation); a 10 support structure (e.g. a

mask t abl egmbgdimentof thednesition; adpport a patterni ng device (e.g. a mask) MA
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appar at us iak&fionncl udes a substrate table (e.g. a wafer table) W or

"substrate support"” constructed to hold a substrate (e.g. a resist-coated
waf er) W and connected to a second positioning device PWconfigured to 15

accurately position the substrab%quLéﬁq?égéﬁﬁI At h certain paraneters.
The apparatus further includes a projection system (e.g. a refractive

proj ection | enq08YAtRgire AS scloniatigatl e depiotspi djtBsdraphic PPbiretun dcopdireeth bfe t he
radi ation b ar(’ril B by _patternij ngTdevi ce MA onto a target portion. C (e.q.
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refractive, réflective, magnetic, electromagnetic, electrostatic or other

t ypes 16f opppatdtructhoniean e mask tabic) Ml castrbétndito soppdrhepateining devick (egch masgk)

shaping, qr.,controlling radiation. [.00191 The support. structure (e..(g.
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of the patterning device, the design of the I|iIthographic apparatus, and
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15 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.
[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,




techniques to hold the patterning device. The support structure (e.g. a
mask table) MI nay be a frame or a table, for exanple, which may be fixed
or novable as required. The support structure (e.g. a mask table) MI may
ensure that the patterning device is at a desired position, 5 for exanple
with respect to the projection system Any use of the terns "reticle" or
"nask" herein may be consi dered synonynous with the nore general term
"patterning device." [0020] The term "patterni ng device" used herein should
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[0022] The term “projection system” used herein should be broadly interpreted as

encompassing any type of projection system, including refractive, reflective, catadioptric,
20  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”.
[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




programmable mrror array of a type as referred to above, or enploying a
reflective mask). [0024] The |ithographic apparatus may be of a type having
two (dual stage) or nore substrate tables or "substrate supports” (and/or
two or nore nmask tables or "mask supports”). In such "multiple stage”

machi nes the additional tables or supports may be used in parallel, or 6
preparatory steps nmay be carried out on one or nore tables or supports
while one or nore other tables or supports are being used for exposure.
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the illuminator 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 6-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
various 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




25 be used to condition the radiation beam to have a desired uniformty
and intensity distribution in its cross-section. [0028] The radiation beam
B is incident on the patterning device (e.g., nmask MA), which is held on

t he support structure (e.g., mask table) MI, and is patterned by the
patterning device. Having traversed the patterning device MA (e.g. mask),
the radi ati on beam B passes 30 through the projection systemPS, which
focuses the beamonto a target portion C of the 7 substrate W Wth the
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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.
[0031] 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




(i.e. a single static exposure). The substrate table WI 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 node, the 25 nmaxi num si ze of the
exposure field limts the size of the target portion Cinaged in a single
static exposure. [0031] 2. In scan node, the support structure (e.g. mask
table) MI or "mask support” and the substrate table WI' or "substrate
support” are scanned synchronously while a pattern inparted to the
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Fi gure 2, differentrmedeg ofingeanay dep hmmﬁ@yed
[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.¢.
a plane of drawing of figure 2 coincides with a plane of focus or a surface of the patteming
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, Yib , 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 depicted 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




formed by the Y direction. Aplurality of actuators are provided. In this
enbodi nent, four actuators are provided to exert a force onto the support
structure (e.g. nmask table) in the scanning direction, these actuators
being indicated by Yla, YIb , Y2a, Y2b. Also, two actuators X, X2 are
provided to exert a force on the support in X direction. Further, four 25
actuators ZlI, Z2, Z3 and Z4 are provided to exert a force on the support in
a direction perpendicular to the plane of drawi ng of Figure 2. The
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at the patterni.ng device,position., Then,, t.he notors of suppor t
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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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20 front and back allow a |l arge force and a symmetric construction. [0039]
4] Two X-actuators: The X-nmotor are not placed at the center of gravity,
because the patterning device is there. Applying two X-notors enables a
"virtual X-notor" and/or a "virtual Rz-notor"” in the centre of gravity of
t he support structure. Note that the Rz actuation can be done using only
the 25 X-notor, only the Y-notors, or using all X and Y-notors. [0040] 5]
Sol ve over constrai ned DC-actuation: The Y-notors may have the sane
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the degree of freedom in which the at least two sensors, measuring the position patameter 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  confrolled. 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 Cpos, gain scheduling matrix GS,
30  gain balancing matrix GB, stage ST and measurement MS. The matrix GS may transform the
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i nclude at |east one of the X, Y or Z direction, and/or a rotation with
respect to the X, Yor Z 20 direction. [0044] Figure 3 depicts a control

di agram of a position dependent paraneter 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) MI depicted in Figure 2, a
substrate table WI, or any other stage. A position dependent paraneter, in
this exanple a position in Y direction, is 25 controlled. Thereto, a
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t he stage. e con
or similar effects may occur otherwise, which will increase a seftling 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. H.. 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

12




loop will, in practical cases, be kept bel ow such resonance frequencies, as
instability, overshoot, or simlar effects may occur otherw se, which wl|l
increase a settling tine of the stage, thereby deteriorating a performance
of the lithographic apparatus. 20 [0045] Since vibrations and disturbances
beconme |imting for the stage accuracy and thus overlay as the throughput
I ncreases, it is desirable to increase the bandw dth of the closed-Ioop
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matrixGB othe IS notedtht. troIIer"

oS ect | vatgtes Sruprig or b AispBprRsh BB slgcib ctce G e Y e i
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interpreted as the "controll gpectlve ly the "further controll

provi di ng racasweh iyt Ileast h@@tswprSS ﬂ@naﬂt 'last tap ewsprediongaartinged lie magene the | er
out put si f the. stage, wh actuat.ors are able.t

ondbr contprotle beSEah BbRe g nalnfdh B tanliegts R AREAR R | Phllishihe
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by a correspondl n%q actuation. The further controller C,,,P 1s provided

W th posi t drticJH rasttionpey qsstatmséas,@p%awwga;thpé%herwcﬂbngmgt
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between the output signals of the sensors which measure the position in the same degree of
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 controller 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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15 or with respect to a sane axis of rotation. In Figure 3, the at |east
two sensor output signals have been indicated by xdlf. In a stationary or
static state of the stage, the further controller output signal FCOS may
have no substantial effect on the stage, as in such stationary state a
difference between the output signals of the sensors which neasure the
position in the sanme degree of freedom w1l be a known constant or zero,
depending on the type of sensors applied. Thus, as 20 long as the stage ST

may be congi déj B1a8HEl t-B1d) MIT S0 D¥suitdIE adiRRRIAT Ifher %!ﬁlqﬁﬁjs Mh@alsie nf;&trféarsgffva{rﬁ% . of

the CpO and the nmeasurenent system MS, provid for a controlling
stage. | n sapessingor @tlvclasiemamgeunbmeormm@medst age vvoul d be exci ted a

di fference bet 0Si ti r rreter r ovi e at
east |t sonsob0eHE Pfktes AR fERidh e gl B apSit

fromthe psewiderstdod aEBRbvianRUneRNE AN Han ZRIM VRicHP betnléé’es%S?tdelOéduﬁtloh rin
response 25 thereto providing a further controller output signal FCOS via

the gaith bachslesisy ofdieedomdp cess thehihegitaggevoyld bere Ggidrbadat éﬁrﬂlr@dmmlm@eﬁ of
aCt uat or s J&ﬁiﬁ%r%? B3n®" Qt)ﬁhtgf Qt e?t;f‘} | ﬁ@oxﬁ{)}ggdsu%%\/tg acMate thees](t ?8\5188 f&gg re

2, the actuators Be At v & rna suppre55|on
resonance trmﬂlattmimmm Hasctivae Byepividity nie adtuakadTatieng im sﬁc&sexrw@h effecty
actuators Vi ‘iU’pWOUl tend to resonate in the X directign with respect to

a frame ofPPYided i Easerolsesqnangestopsiony modes figs RE tlwfége v b ssunisragted by a
combi nat i oRiiL I‘tgrf\‘rl M]geiéfse%%cﬂgtofsh?)\fef ABRan Hag aﬂ-{eti §t£ :}é?d‘h'(flﬁ ahd

(e.g. mask table a suitabl e actuati tuators rr/x‘st)r
assi st10i n davilgeab mopaacthgtorssiaqu n:essblmgsensorsa)cmawetoplcdhamea@damcm “ngﬂdmdy’ée
node. 0047(1 The Iaﬂg]ua%ﬁ 't he a tuat ors bej over - ter ned in a de

of freedoffoid sRrOYiE HYay LAY egs HEOVRYi 't}f %PE’ P8 PREACREMP

strictly BRnRESSRAIYork Gk, @atg@hﬁaﬂeﬂdtacéaefgqﬂmﬁﬁe ha%befoffdteg{%et%ﬁﬂ&d&ﬁ%
that the stage woul d bé a rigid body. As an exanple, one actuator (or one

act uat or a?thlel‘aéhﬁ sthgie yrowblubel astuted de the "rgiddedy” mhasiost epdrollgparprdagh. fAs a

transl atiqQ recti idin act tors ac

i rect 1 on xelpet a0V it Rt HnP RN aT el ReARbel e Hidngiitop,
‘the stigge logpfrbed bpthtsended £ aby (iR fufhdricBlirlldl iU Y, Akif inf R@fen L fdaiMES -
Over-actuation may be defined as a providing and/ of 10 dri vi ng of nor e

act uat or s "Qdya ophis stape.as bEHEBE &Y leash Byp sepsrd iibsamecdegepeiof frgedan, gn @cpyseopee
oL on SCBE SIS Al BHSls BPUENSIEh ST (M BRI AL e
than the wronbdler of resip@setsrctd driviggtheaciubtors of the stage in order to attempt to dampen or
influence the resonance phenomena as detected. Thereto, an over-determined number of
20  actuators is preferred so that forces can be provided onto the stage at different positions, hence
enabling to provide a pattern of forces that at least partly counteracts a particular resonance
mode of the stage.
[0048] The over-determined number of actuators may provide further benefits, as it
may also serve to keep the stage symmetrical, to improve dynamic behavior and increase
25  throughput and by enabling a higher acceleration thereof.
[0049] Further, a centre of gravity CoG of the stage may deviate from a reference or
centre thereof of which the position in parameter is to be controlled. The over-determined

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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whi ch the stage would be actuated in the "rigid-body" notion controlling
approach. As expl ained above, a stiffness of the stage may thereby be
actively influenced. In fact, the control 15 | oop formed by the sensors
Xdff and the further controller Cd p assists in danping a resonance nodus
of the stage, as by using at |least two sensors in a sane degree of freedom
an occurrence of resonance phenonena in that particular degree of freedom
may be detected, the further controller in response thereto driving the

actuat ors gteh #hAgLaldthereRfent oRLhAMPLS e ST wRiEL _tﬁé“{nl,s%?&ﬁ@eﬁeh&né 0

resonance phenonena as detected. Thereto, an over-determ ned nunber of
act uat or s Paampeter isfte bejcapdrollpdt forces can be provided onto the stage at

di fferent positj ,mhence nabl i ng to~provide a tern of .forces that at
| east partly co@ﬁ&grg& | bﬁgarnﬂngu’in xr@@oﬂ%ﬁc& c‘?{g‘g%m fafw&cgﬂﬁ.gurﬁg 28]
The over - dgbeidsianelition oereed thedednualler Gutpi)sighaRVvitdie EantreETorbeRabbisshlyas it
may al so serve_to keep the stage symetrical, to igz)rove dynam ¢ behavi or

and i n&r eaatrobers apd dyighes sontiplierhin wiriws idsgreas pf Fredomicand the ahysen! rp@ptef |
0049] F - f ' Vi at

ofer mnce SEsiasiEd Sall 1P Gl Je16) SRS LIENEE. Pl A B

contr ol | edprovlided euhrciteatoe diivaiggnald fromuhbesntol syseds as Sepadiel] Ackigaied, possitsy

depicted i.n Figure 2, may be applied to reduce or, renmove di screpancies that
mi ght - occuh 8RR oy sidler cantedldeepsan ofhis dsgiesngt ST 07 st DR e
14 centre ' ] Of : : | he
posi t10n donaarosh oY M. ) AoproPiGelAnE Baif babREnk ity SRR 8 G ichilod
bal anciong betwecnxthGrwneopniyelloonspul esigalsa i.aathei controlién qupwdsigmal apd ake Gerther

| at i bet t | t.si | t th tre. of it
(poasi bl y SBpHtOILet ot §Eral pd atipotAitsich it i Fhaccriorvhs pGided i auesor
freedom angaihheheh¥isi Gadtrirctsas %»cwédvafhiahgmg} Softbct! f0f tBd &€ -thdiMa ?Biaiﬁont .
ed. e W

exanple, a total of ten actuators are provi They may be provi
act uat or dn¢ayeresieahef thersuppart Heuctwnt(e-gl mogls tabin) dsked appacstas dififeremi ppatsenf3he

Frocdom (APRAESELSE ol ARGR IRl oA ERYDPl; dBRRnL o Bibu IN € BhoBlmamy

the gain halyaheiX gaftitidnofGhe BBitre dTUSafier b@ it eleabired) bl a6 bWeRkioh IR, Wit
controller output signals, i.e. the controller output signal_and the
further &&WRestdPIths careniieravitynan cHpel of chezatefionaperding gn dhes Yatositige afdhe

act uat or s o438 PRPLGH Snddliihs HuPx thay thus convert single or multi dimensional controller

output signal(s) COS (possibly in combination with a feedforward output signal from

feedforward FF) into control signals related to the centre of gravity CoG. Gain Scheduling thus

20  de-couples the position dependent control forces. During scanning, information on the

patterning device (e.g. mask or reticle} are sequentially copied to the substrate. So the 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 controler 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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a gain scheduling matrix GS is provided which may correct for the fact that
a position neasurenent of the support structure (e.g. nask table) takes

pl ace at different parts of the support structure (e.g. mask table): as an
exanpl e: dependent on the mask table Y position, not 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 scheduling matrix may
thus convefor & ir¢lglielp high kichaldbsrBpsican df BOREAQE BT queSit Uhe Sattitaldr SiedaPS
(possibly in conmbination with a feedforward output signal from feedforward
FF) into cemposentdeygaysqddiyathe gesopancsele bpebls toprayidaa kigh sersor aatppt signal
Schedul | noaiiiorel Rl e Rl B8 oV AOSLICIAERENREN: FORbRGlio| Bh6RE:oRWF N0
scanni ng, I nformation on e patterning device (e.g. na R>'Or 18 |clé]) are
sequent i al thy semspiseniat e blxtedathagiosition. wiste inhe pRbiinc@fnode of theatageh dulvgcent

support_struct is varied dyring scanni ng. then is posi tion
dependéh: et e FpRERbI R MU o% o gt TR oo Hekssi T e KBS aY prig al |
phases of JfguspARNdinbe BaHE ¥SSthe Eﬁl%?er QBhtoIRE Hﬁg;&dgr@ IQ \}gﬁt%ﬁbxo ¢ a&tﬁ?tgg?hﬁ]

bal anci ng matriXx provide exanples of an actuat S5matri x.
gener al , tdiecovdanpit@ef smrsbnahes hodd iney be achievell Indien amycthitoswhich isepdshimned

t uat i t dr.i tri 0051]. The, I t t ,
i o neadtiatt h g S ige el ot FuLiin hakGe bemed it eatonmsnyodliap; o
posi tion. shigel Ragitl ¥ sppRicidiiPthae AGR4Srs Yy BSo b pBiiBshal atdIRPIbdaiBHs, WEREI N

a resonance node of the stage at high anplitude will occur, e.g. where an
anti riéde RRBitonywherein the abeyeamentioned referendeanodecnfited stegoehgdevigocanmpké thatle
of a reso ' sSerV s brovidin 15 for relatively high
si gnal co%énrgl\r{\f%gcf . %Hle spgél‘élg‘?d ?)Eﬁ% &8@?@5%9“ I?Cﬁi 5 %%lr%%crl?ﬁgsr o Py atfempt to
conponent ab@valg daap dedednatideans®sonance. To be able to provide a high
sensor out put si‘%nal difference with respect to the one of the sensors

| ocated at t he [4FAl ABmstionois; afitht positiest srasore maydie tomprasere by pajtering Hevice

| ocated a . A i : r ‘?&\j\' ﬁe t a Jj ent
5 point o Ofgi ﬁggftfst%%gn%%\% %’SF ﬁ“’oé"?ﬁ’?%@ﬁﬁ? erng’frsé ?@%&g{owgﬁnﬁ%%wurﬂﬁgerhe
act uat1ér s hoeigordalt avgt threeaveriiest ppsitibs sefisotsheresdesigel. IA% litheglaphichupparani} tvad | er

may drive lyrality of the actuators, an effective danping of a
resonance ‘ﬁﬁ%@ﬂﬁf&fnﬁé’na&?wéﬁ A BFP VP ith 4b'68 onHhec PPt sBYstRiededchuck) act

o o B B SHAORA  0 HTTRORE IER oL EROTSHGE
positio ne&zaiiregtigleﬁ Febiection §Qur@2&citiue sensors are provided to measure ¥11e Z,Rx and Ry
position of the Chuck to Lens.

20 10053] The position sensors may be redundant. Therefore, extra posiﬁon information
about resonances can be measured. There may or may not be extra velocity or acceleration
signals applied to measure the resonances.

[0054] In an embodiment, the sensors are positioned at a distance from each other {(e.g.
near 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 (electro) 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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10 positions wherein the above nentioned reference node of the stage a node
w Il occur, so that different forces can be provided by the actuators on
nodes and anti nodes to thereby attenpt to actively danp the resonance
node. [0052] A function is of the position sensors may be to nmeasure the
patterning device position with as small as possi bl e Abbe
(abberation)-errors. Thereto, mninmally three 15 horizontal and three
vertical position sensors are desired. In a lithographic apparatus, two

Y-encoders and @OSSPTIRNAREEF cAitRIRF Bl dREbrme! the [dHEEnQR bR ESHRRR G sensor
structure (e.g. chuck) and the encoder head on the |ens, neasuring the

Chuck to Légealsebthsdwotseasprs in X sanye dagree RE fgedanathyorny suitablediperstioioschfasur

capacitive S Qare lded measure the 7 Rx and 0si tion. of
the Chuck FRaRaiin” A, [tg%géﬁtﬁ#hcé)%%%‘?rtm SHOITACE Aseq E?“ﬂéalﬁéé{fﬁbilh‘i obtlindd
Ther ef or e, diffetehae oS thiresult an haignal having 2P0UE whRAGH ANEREERNZHE iIMERs taedo

There may or may not be extra velocity or acceleration signals applied to
neasur € t HESREGHEALELCCUH054] I n an enbodi ment, the sensors are positioned

at a distance fpasieaaboibek : ﬂf‘e?% | de Qﬁﬁl Q)gﬁ t

al l ow an accural{e r‘!easurerrent agé?esgfl%e. ro %@ilbtgﬁ}a E‘S‘ggi | 5’?\%113 #—%ﬁ? egro? I n
an enbodi nibattaghbutendyhescalot appliod snsiead bficeinadditibatheaetoto ashancd & siiffitesoof the

it is preferred to keegp t he sensors sone di stance away from such actuators,

as (electr JECnEgriEH N tPF%?‘H%”BF“F’r{BO {he8er s may disturb an accurate
operation of th9o$AEPhS furfdk SoftIE: é‘st&e@fc_{e\i iﬂﬁieg%e b ®and Wigth 'Rk datBl Bop 25

3,
hi gh accelerations in the scanning direction needs |arge forces to be
gener atded foymediehthgspotgelbarsin thisiesmplgythe pesitian ¢omtrollghChergmebé mcfeasdddshich 6

[ 0055] The _fur I ntroller determ the difference between the two
sensor  si ra%lieéﬁgm f%:sg%r e ag‘él?fg%% Slﬁﬂf‘lﬁg g gﬁﬁ Sﬁgﬁ?rer@%"i‘lﬁ’fw tod aﬁgﬁsﬁ?ﬁhe

sui t abl e cpgicat tHeBtags HEIF @S be Soiirudel hfing Mover stiffifest:URd RftheCOREHIErRE itgRY
subtract a constant value fromthe obtained difference so as to result at

a signal HRFIgndingairiyeng i i over-deiersrianst numbey of eptyators asssist inaenharcingan
essnance JRES. o A058). SUORALFAE SR LIRS e PhL RS
or in1additigien dchelemtions of ahbanpe thefebiyf proeRlingoh fitther ThAGE to Hr@moteehdRt N
torsion Orm(gv%;iseintos,n higni(ljcgrea%célgrg{igr?sfdnd/or shorter settling times of the stage.

[0058] Although in Figure 3, a single control loop with a single further controller has
been shown, a positioning of the stage may be performed by a plurality of control loops, each
for a particular degree of freedom, a suitable further controller being provided for two or more

20  ofthese control loops to thereby enable a damping of a resonance mode which excites the stage
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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[0057] By the further controller as depicted in Figure 3, a bandw dth of
the control loop 10 forned by the controller, in this exanple the position
controller Cp,, nmay be increased which may result in faster, nore accurate
positioning of the stage or may allow to reduce a mass of the stage as the
stage itself can be constructed having a | ower stiffness: the further
controller and its corresponding driving of the over-determ ned nunber of
actuators to assist in enhancing an effective stiffness of the stage. As a
further ef} @ifforeddaqs ABRANIBH UEtIcER R mbhl@r&l BRI oTBYepahdcAWpdamBiel B the at
accel erations of the stage thereby prOV|d|ng a furtﬁer factor to pronote
faster nolgaside senshrsg helploel@éﬁl, erfartheswentzolter outpghs;gmaé is datermriinedgn réspessedp

Furt ner “coltersrrarel R gts, gy fHiS el o (R sSBROIR e bRLGat g ol °

performed {fayat teaftl ok dF tHeYacifitoD Binkilr bleﬁlﬂﬂ§ em%@@ﬁhenfschrnd Tttt Fdabtbds ddagiveg of
freedom a suitable further controller bej ng provided for two or nore 20 of

these cont#gve Wybﬁgfefem edhetigeeand Kihe seaphieappargius fecerdiag Wyparratbodisarnt afthe h
1
osonance. TueHRiinay s Sooli B, B fREL8 B gk B P Bhn ik} HHERTeARR! 00

fl ow di agr am of[0&6($]tﬁgemb0d1hreﬂ1l ofithd method ecaytdidegeribedase  enbodi ment of the

i nvention. b 00, an over-determ ned nunber _of actuators (in a

| east 25 one djéﬁﬁgﬁel oFERUERRS Slﬁéegreswfofée&g% (ReF) patteriae é%vaﬁfetmsntwn@péck
410, a posihiial pf&RERIRR oRRSI g of the stage is measured by at |east
two sensors, each sensor to provide a respective sensor signal, the at

| east 100 sensdP862]R]nEeaspare attual sms@dbpom&orpmihtpasmouhemmhﬁrﬂurmgrﬁamtaﬁd

in a sane %fcﬁjaﬁe of Llreedom In bl ock 420, a controller output signal is
det er ni ned’ CEPHRIE e 4 setpoi nt and the position dependent paraneter
as measured by [ag6d)egalMRe Fk IIdFEcoROBBN Forcdsthat il Rialmi28 ConttdIRr 51%1t Rkl er

output signal is provided to at |east one of the actuators. In bl ock 440,

17 a di f f Hrepurtiond, tage nPerdvitive pod bawPhss and datete8ligrs sontrelers epppisisetpoint
par amet er f{aé Wa?g a&est ﬁlsotle%v\pseﬁfaﬁ\sors In block 450, a further

controller 1S Gdterm ed in response to the determ ned

di f f er@nce. Thq0064] m] mrﬁﬁalforﬂﬁ@lx DEE contrdilRe for6&Thiodd-efupRidisit DoF ifgidad ati the
provided to at_|east one of the actuators. Simlar benefits, enbodi nents

and f urt h&enreef vty econwensataforpositemdecendansy dusing wae to t he stage and
| i thogr aphi ¢ aﬁ@?@ﬁs atﬁ‘éaﬁy?ﬁlo B8cdifrofi SRR R %olﬁf)es%ﬁbice kygé{ﬁ&[ v%ﬂ)cﬂ?%r

al so be applic d according to an e
i nvent i on.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 cbntroller” 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 sofiware instructions
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[ 0060] An enbodi nent of the nmethod naybe described as: [0061] 1]: neasure
actual six degrees of freedom (DoF) patterning device position and provide
positions as a controller input, 10 [0062] 2] Conpare actual six DoF
position with position setpoint during scan and calculate controller

error. [0063] 3] Calculate six DoF correction forces that will mnimze
controller error. Use Proportional, Integral, Derivative and LowPass and
Notch filters controllers. Apply setpoint feedforward forces to enable

fast settlin@h oy eQORKRY ith 2 ShAMIE HoBesting dBPke, GO 0 Bfcad PEGR p%&assmg

de-coupl ed six DOF forces at the centre of gravity to conpensate
posi tion d@qymdﬁnhqllﬂmgran@lcsa@aaratuﬁoﬁeﬁqarla] thbrgatrhfmlﬁrfcmgtmmxc,@ﬂtas (WdlleaS"the

N DoF ava Pbt DL ORGBT At B doaied  Bhel Shy PBERREP R e uthe iy,

[0066] 6] duftablb@analbptict dietrofldB]dr®yl Bing sarhils idtActimbPelbé exea®d b9 adRoRstin %
resonances. 20 using Proportional, Integral, Derivative and LowPass an

Not ch f6i | tdsvice @ therlghogsarhic smesHys. 7] Add the output of the "furt her

Foo68] 81 conrr TR Sher el el B e ity i BB b N e
centre ofapgmamstm thentnamhoturofITO% £t dkduldbeundasiood thas ltmatthrapIﬁarappb'ramg

the anplifjer _fqor the physical 25 m)tors [ 0069] Reverting to Fi ure 3, the
further céi?ﬁ?r&eﬁélﬁr%wwﬂ@ma@%ﬁgp KATQngH ey a5 ¢ granujag ‘f‘i‘ﬁ%ﬂt ed opiicek

P' D (pr Op%ﬁtbﬁg i iddALE APl Giod rpf aft&hé R %noﬁ? Abain! fémorPds, ﬁ&‘ty a%ﬂ"'&épl

contr as an integrative cont proportional® contro
et c. . 1Whe lHquid-trystakc displays | (éJCDs);amlbéilmnpiagmmt hehdls,n etml'ﬂmb ls]allbchraﬂmanewslhc h
as anal ogue el e ttéonl c ?or ot hﬁ? ontr ol jrcuitr ver the

control | erPREEGE ek qlﬁqﬂtaewwrﬁlﬁa%ﬁ r‘@eP AeraRs; Srder” 95

whi ch may J@fb”'tfé@éﬂ@%ayrﬁeoc@sﬁufeaaaels%@{m§ %ﬂgﬂfé%&egenérup&n% “Qibsehteeddy
exi sting processi ng device of the’lithographic apparatus. Simlarly, the

gai n bal andirge pagion] ,xe@ctaglymélhe substrathecieryed o hordieuiay bengronmscd beloge @r@ﬂer
I.table

anal ogue &reeLRbA 2 RB¥RIRg walf (el iuhitabi e lEA W TRB R bl By
processi nd@evelops 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 pattefn 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
cuted 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.

[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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5 device of the |ithographic apparatus. [0070] Although specific reference
may be made in this text to the use of lithographic apparatus in the

manuf acture of 1Cs, it should be understood that the |ithographic apparatus
descri bed herein may have ot her applications, such as the nmanufacture of
integrated optical systens, guidance and detection patterns for magnetic
domai n nenories, flat-panel displays, 10 |liquid-crystal displays (LCDs),
thin-filmnmagnetic heads, etc. The skilled artisan will appreciate that,

in the conkevdlendth ﬁ%ﬁ@rﬁh& Bf 52D B, APREI &SRS behY sithtasQbn bEEnd &' &tron
"wafer" or "die" herein"my be consi dered as synonynous with the nore
general tepagms substrate” or target portlon respectlvely The substrate

referred to her roces posure, in,for.
exampl e a trac kﬁ?%]t 001 tth‘p[f:ns[ ypﬁ%rg R CO&%EF?@ samﬁ%i‘/eg?reiglan)( &4 %rtco’i%méﬁlon
substrat e @hdafibugdetypdsops bpgcabX@asRhenRsiigthding FEtdcalQ0Yefl@Ale, aRthoAEiAN

i nspection _tool. Wiere applicable, the disclosure herei n may be applied to

such afd dHfRdomegnelicandElssiasialicontisak OMoNeyr t her, the substrate may be
processed nore I V. C,
so that the t e[r ?nﬁfslu‘ggt ?%\pte{éﬁﬁsee E%eglltén&r;%/gg l?st%)?lrhg @ﬁée 51% %d}}sﬂ’u%hlédrvgt g(ﬁtl

al ready cdwtaqaipresiamﬂ thatpthe invenihaemag te peagdcasl otﬁﬁwﬁs&(ﬂﬁd asAlesbribeghFesamble;
reference HBX{ %ye been de abo¥e to the use of enpodinments of the

i nvent i on IR ECRERIAkS $e GFRI0L &1°0MPYish BFOZAY contpinige qneis masp seupates af
that the hihaRlieabB¥nsREctibns HebdtivRh %rméﬂﬂ&!l la§ %éd&fl%d abe{re eURLG ét{i‘ﬂa@é nt
l'i thography, and where the context a is not limted’to optica

| i t hogPap hlyechlllm (lergp semicohdudtargmeanmbyy, anagmbg apipiicalndisld avinge suwhng cdmpiee
defi nes the@gatt§r reated on a substrate. The topography of the
patternln ‘be pressed into a layer of resist supplied to the
substrate wher §o@r5) 'ﬂheaeg&@t@ﬁs dbdve SeiREndiY (G BRIIMLRAVR! SR IHANRE MElvsCit will
radi ati on, heat ressure or a conbination thereof. The patterning device
is noved & taP@ﬁreﬂﬁ@ pos skilled émfhengyt ethzgiam@(bﬁnatwns |mayabQ sradete thednventigns as
cured. [O n reln enconpass al
types of Q%%;mgggﬁ%gﬁﬂﬁ?gﬁﬁgéﬁ%}&%ﬁu?ﬁﬁgﬁﬁ 53 Foet (UV) radiation
(e.g. 1thaving a wavel ength of or 30 about 365, 248, 193, 157 or 126 nm and
extrenme ultra-violet (EUV) radiation (e.g. having a 19 wavelength in the
range of 5-20 nm, as well as particle beans, such as ion beans or electron
beans.
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[0073] The term "l ens", where the context allows, may refer to any one or
conbi nation of various types of optical conponents, including refractive,
reflective, nagnetic, 5 electromagnetic and electrostatic optical
conponents. [0074] While specific enbodinents of the invention have been
descri bed above, it will be appreciated that the invention nmay be
practiced otherwi se than as described. For exanple, the invention nay take
the formof a conmputer program containing one or nore sequences of

machi ne- r epdadt es CAXEGS jPns  descri bing a method as di scl osed above, or a
data storage 10 nedium (e.g. sem conductor nenory, nmagnetic or opti cal

di sk) having such a conputer programstored therein. [0075] The

descri ptions abpve a i ptended tq.be illustrative, not [imting. Thus, it
will be appar efr)it toégtﬁégéks:&ﬁgoéaﬁl ?@i@’hécr?ppﬁﬁ S QBWIF"8at i ons may be nade
to the invention as adgiggeri bed without departing fromthe scope of the
clainms set out below. 15 20 WHAT IS CLAIMED |IS: 1. A stage systemfor a

|i t hogrBaphi ¢ appar atduBluEdiy of fchgiors gorfigget tosagt on theastpesy the apiuetors being
configure ) : , ors being over-determned in an
act uat or g%‘}ge?ggt%%?ﬁﬁ%e oa'r%r}&g?dlegggff}?%}%}snénsors configured to each neasure
a posi tion dependentat fEastawetsensorsadonfip@ed teagieh aredsitre a pogitididéepandens paaieee

sensor signal, .the | east two sensors bheing arranged to asure the
respect | veor}g%esﬁtzige&ﬁg f‘fé?fewa‘e FHCSPEF BITSPRIOE sigpaldhe affe t%%ﬁné@gg?ms AEBRESH 10
a control | ,gEas6RMhd BYREvE Bos}?t‘i(ﬁlvde?@n&nf: 1hksGh a QB Hegtbdb et

1%9 gmat | east
one of the plurality of actuators in response to a setpoint and fhe
posi til®n dependent pavamelearconfiguredtagpurade hsontollbreadput sigealdd at least eenefths |

measurcd Rl MEs RLBHHSE A8 SRR i PO L Ay Grraers a8

confi gurednéa@u@@bﬁ@memogeoﬂ@quﬁsbggg‘ﬂpe bet ween the position dependent
paranmeters fromthe at |east two of the sensors and to provide a further

control | er output sidgfiather coairollasaprovisied withtthe positioml degendént apararmetorss as n
measured by the at least two of the sensors, the further controller configured to determine a

15 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.

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

20  confroller 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.

25
4. The stage according to claim 3, wherein the resonant wave excitation is an anti

node.
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response to the determned difference. 2. The stage system according to
claim1l1, wherein the controller and the further 20 controller are
configured to drive the plurality of actuators via an actuator drive
matri x. 3. The stage system according to claim1, 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. 25 4. The stage
according to claim 3, wherein the resonant wave excitation is an anti
node. 21 5. Thesst ageEh&itadeyhRMGRESHINRG th @lafrh 3, WharcinMIRIRY BndBOthb af 188wl
the at least two sensors is located at a position where a resonant wave
qui escent §HpTS ideeipdsatgienition hetegesqngnt Wavegguiessan apinkospytievhen the stappsis

st age accoy.dj 5, wherein the resonant wave qui escent point is a
node. 7. Tﬁghggg%g“§%§¢%L1according to claim1, wherein the further

controller is configured to provide the further controller output signal
to one of the agtuat rs positigned to, 10 act on a part of the stage where
a resorfant waveP-exci 1RR§iE5 %cgorgwgﬁ%alairﬂ SaWPEE B AR ESORAY ags quREeenigioARds ag,
The stage gygtem according to claim7, wherein the resonance wave
excitation 1s an anti node. 15 9. The stage system according to claiml,
wherein at |east two sets of at |least two sensors and at |east two further
controllers are, provj,ded, each further controller onfigtjr d.to prg ide a
further controlfer otiptif8SSEHEAR 34K° S8Rt HECTEHp U EFEWEF@ ¥l B he
respect i vesonfibure@io pRNER the fitfhed Ebntrbli6r StAH i MUBloIReIT AR Ahilors Bostictdtd
wherein the stage conprises a support configured to support a patterning
devi cel® o 4chpnd partofrthelstags wherp e saspnant wave excitation is formed in a resonance mode of the

stage.

8. The stage system according to claim 7, wherein the resonance wave excitation

is an anti node.

15
9. The stage system according to claim 1, wherein at least two sets of at least two
sensors and at least two further controllers are provided, each further controlier configured to
provide a further controller output signal in response to the input signals from the respective set
of sensors.
20
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
25 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 respective sides of
the support to exert a force on the support in a second direction substantially perpendicular to

30  the scanning direction and in a plane of focus of the lithographic apparatus, and
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of the lithographic apparatus with a pattern in its cross section, wherein
the plurality of actuators conprise 25 at |east 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 |east
two second direction actuators positioned at respective sides of the
support to exert a force on the support in a second direction substantially
perpendi cular to 30 the scanning direction and in a plane of focus of the

l'i thographi c apparatus, afideadPihdde the@airedtioneRubtord éheHipoSEbhciNtAntedad of the
each positioned at an edge of the support to exert a force onto the

support i nSUPPPRite gxe ¢ feed avio tiesuppart inad thirdlisepéomiubstratiallypermeadicplan trethe f
focus, V\heéllg%gogagusstage systemis controllable in six degrees of freedom
wi th at S seven actuators. 11. The stage system according to claim

10, wherein, as seenwhdieihhlee sagnysten is doiitesdlablerin sixhdepeasniragot witk hi lefst
actuators are attached to a front side of the support and the second

di rectidn SVERATTHYSare attached to a back side of the support. 10 12. A
| i t hographi c apparatus conprising: an illum nation systemconfigured to
condition a radiation beam a patterning device support constructed to
support a pattefhi ngldesthgeesystdne ac@adingrtni sigjmd €4,i wheremnfas geereth the soap@ing

the radiati.on.begmwi th. a pattern in its cross-section.to 5 forma
pat ter ned ST BH BEERE LB el PR s HPBSR0, e RRRprand the
subst r at e; seadith dircRfioh RO afyHaBRAIAO A8 of BeRioBCt the patterned
radi ati on beamonto a target portion of the substrate; wherein at |east

one of1%t he supports is supported by a stage system conprising: 20 a stage;

gegolngr ality of Act u%ﬂ{h%gga%ﬂfcc'a garu% S%)mggging:n the stage, the actuators

an illumination system configured to condition a radiation beam;
a patterning device support constructed to support a patterning device, the
patterning device configured to impart the radiation beam with a pattern in its crbss-section to
15  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:
20 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
25  arranged to measure the respective position dependent parameters in a sensor degree of
freedom;
a controller configured to provide a coniroller 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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over-determ ned in an actuator degree of freedom at |east two sensors
configured to each neasure a position dependent paraneter of the stage and
to provide a respective sensor signal, the at |least two sensors being 25
arranged to neasure the respective position dependent paraneters in a
sensor 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 paranmeter as neasured by at | east

one of the sensors, and 23fughéidchReNeGRO¥ES] WRE tlwl%%it@ﬁﬁe?éﬂd@nﬁﬂh%rﬂéi&istagon
dependent paraneters as neasured by the at |east two of the sensors, the

further comesssraddry the st legsirteg afdheisdnsetsi the fartheicpateolion senfigurod tindat¢raine a

| - position d . | east t f, t S ors and .to
Provi de o TreRAebe BB e bEliol aRhiGR plmofR o I 81l B BRIt ¢

of act uat oosprovide a fughgoaseroliar dbiputdegred no aethash dfecseme lurkBty dth&:tuators in

| it hographi c apparatuys acco %lgtng to claim12, wherein the controller and

t he f&rtﬁé?ﬁpoé‘g‘g tg?&%?m&?‘é{ fF%tred to drive the actuators via an

actuator drive matrix. 10 14. The |ithographic apparatus according to claim

12, wherein one of the at least two sensors is |ocated at a position where

a resonant wave3excithetitlographoaappasahsactdrding teageini K2, wiherein the sontsilesandtie .

15. The Ii raphi.c apparatus . according to claim 14, wherein the resonant
weve 15 SYBRESORBH T SRERn Haed foNaYe e detvia i Mg S RIBAFA uS
according to claim 14, wherein another one of the at |east two sensors is
| ocated at a position where a resonant wave qui escent point occurs when

the stlge is i 4t he ThedithegnaphigreptaratoDactrdingh ¢laithb2)relpdnéio cap pétiet atdeast
di | ai 6 in.th t i t i i .
node. - 15° “ReEHBHT bruistiRER B ot FreR IR R N o SR ot Wt e

further canti&bhfice midel S configured to provide the further controller
out put signal to one of the actuators positioned to

15.  The lithographic apparatus according to claim 14, wherein the resonant wave

15  excitation is an anti node.

16.  The lithographic apparatus according 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.

20
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
25  isconfigured 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

30  excitation is an anti node.
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act on a part of the stage where a resonant wave excitation is forned in a
resonance node of the stage. 19. The lithographic apparatus according to
claim 18, wherein the resonance wave 30 excitation is an anti node. 24 20.
The |ithographic apparatus according to claim 12, wherein at |east two sets
of at least two sensors and at |east two further controllers are provided,
each further controller configured to provide a further controller out put
signal in response to the input signals fromthe 5 respective set of
sensors. 21. The lithographic apparatus according to claim 12, wherein the

plurality of agtuatQrs.conprises at |east two scanning direction
actuators, eac hf‘icanﬁ?%&ﬁ%é}?@e? ARyRratdsaceeding te Flaim d 2. ulesaein 4t leasth tepisrts effatt he

at | east oRgstQfvol RBsod RRPLE FeabOrmiX Blrthed c&g{o(f]]%rso e tﬂt?gviﬁéﬁ) RQEH ﬁg'}her |.6Asinne

of the supports in a scanning direction, east 'two sécond direction

act uat or s pudigufed heprozide aduizr contelkr oeputcignat ineespondeda de iope sighals frem the
support; tlp eexFrt a %orce on the at | east one of the supports in a second
directi®on SUOSTENS T?S(ﬁ'@'r pendi cul ar to the scanning direction and in a
pl ane of focus of the 15 lithographic apparatus, and at |east three third
direction actuators each positioned at an edge of the at |east one of the
supports to exetlh a Fher dhogmplictappargtus| asgendingnte dhim HE, sdrorsdn the pluradity loifr d
di rection ac%?&g%'@egy perpendi cul ar to the plane of focus, wherein the
stage systemi1s preferably controllable in six degrees of 20 freedomwth

at |east seven actuators.at22ast e kdahfiagr @ipdttion aeRALGRE,USacAC S@ARMinD AditeRti6h ai M
21, wherein, as seen in the scanning direction, the scanning direction

act uat¥r s %HeI0R frErngediaay edgs pighe aldpatonstolithrsugportsdgsrert o fracemn thhsunpappér t s
ond e SoEIhaLEELyphnaRH BB SF1S, Lo 2 back 51 de the ot foust

plurality of actuators t haleastrteosenindgliteetiod sctwtdrs @ositionddag @espbdtive 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

15  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

20 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 the second direction actuators are attached to a back side the at least one

25  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;

30 measuring a position dependent parameter of the stage with at least two sensors,
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plurality of actuators being over-determ ned in an actuator degree of
freedom 30 neasuring a position dependent paraneter of the stage with at

| east two sensors, 25 each of the at |east two sensors configured to
provi de a respective sensor signal, the at |east two sensors configured to
measure the respective position dependent paraneter in a sensor of

freedom determning a controller output signal in response to a setpoint
and the position 5 dependent paraneter as neasured by at | east one of the
sensors; peRkodihegt lehd 100 Rnsods lceifi @idddrd iorSliespeRtidd son@RSignal) thedt 1chfi8wo
actuators; determning a difference between the neasured position
dependent {APURweBligured fo meppie dhe respeative \pgsisien sispendenfepasanetar iy 2 Sensor tafer
controllerﬁﬂg% ut signal in response to the determned 10 difference; and
providing the farther controller output signal to at |east one of the
actuators. 24. The dusirmitinga cantehliegoutputcdigiatrinAdsponketoa setpoli aad theafositisnar e
driven by é control | er out put Si?ﬂfl and the further controller output

he
si gnal ¥i a epRndeRt PApPLe Ry MeasHEd YA ai@“ﬁf?.f_t}ﬂ‘ﬁén%?é"t;hod according to claim
23, wherein one of t §viﬁfn|§|tﬁé‘§6nﬁbﬂg}h<gﬁ§?%f al 1 at |AGYnEr A aBruBRSL; L1 ON where

a resonant wave exci‘tati ol occurs stage Is in a resonanéde node.
20 26. The net hod acistargiimyg & diftdrericnb2yeentier measutddeposition dapandumvparameters
excitation.is an antti node. 27. The nethod according to claim25, wherein
anot her orEo BG4 4ast tWosk8¥9TH 0 sensors is | ocated at a position where a

resonant wave qui es%%nﬁﬁiég"h RAES BB SRBUISHARE ih Sespdiel 1D the UBRANRREE
node. 28. The nethod according to claim 27, wheréin the resonant wave

qui escént ¢ifprence; gnd a node. 26 29. The nethod according to claim 23,
wherein the further p(fgxqafngltlrlleeﬁrthgr c%g{}f)fleg'uoru?pqat signal to at least one of the actuators.

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.

15
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.
20 26.  The method according to claim 25, wherein the resonant wave excitation is an
anti node.

27.  The method according to claim 25, 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

25  in aresonance mode,

28. The method according to claim 27, wherein the resonant wave quiescent point is

a node.
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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. 5 30. The nethod according to
claim 30, wherein the resonant node is an anti node. 31. The nethod
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 to the respective input signals fromthe respective set of

sensors. 10 27 29.  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.
5 30.  The method according to claim 30, wherein the resonant mode is an anti node.
31.  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.

10
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