L T

“portions

LI THOGRAPHI C APPARATUS AND DEVI CE MANUFACTURI NG METHOD BACKGROUND Fiel d
of the Invention [0001] The present invention relates to a |ithographic
apparatus and a nethod for manufacturing a device. Description of the
Rel ated Art [0002] A lithographic apparatus is a machine that applies a
desired pattern onto a substrate, usually onto a target portion of the
substrate. A |lithographic apparatus can be used, for exanple, in the
manuf acture of integrated circuits (1Cs). In such a case, a patterning
devi ce, WhiIITHOGRAFHIEAPPAIRATESAND DR VIGS MANSFA CTURINGIMET@IODRY be
used to generate a circuit pattern to be fornmed on an individual |ayer of
the I1C. This pattern can be transferred onto a target portion (e.g.
i ncluding part of, one, or several fﬁ@bR@ﬁP@DSUbStrate (e.g. a silicon
wafer). Transfer of the pattern is typrcally via imging onto a | ayer of
radi ati on-sensitive material (resist) provided on the substrate. In
gener al , gﬁién | e substrate will contain a network of adjacent target
ofthe In ively patterned. Conventional |ithographic
apparatus i ncgee] ¥R frdbdnhvehRiRRlafs tb B 1Y hﬁaaf,Pal%ﬁ’JEgﬁ&aﬁ%ﬁdd%r 'S
irradi ated by exposing an entire pattern ontfo'the"target portion at once,
and so- callapdfastoringedsvicé.n whi ch each target portion is ‘irradi ated by
scanning the pattern through a radiation beamin a given direction (the
"scanning"-direction) while synchronously scanning the substrate parall el

or anti - ppegiriptionto? thd Refatel AACtion. It is also possible to transfer the
pattern fromtheoglatterni n% device to the substrate by inprinting the

pattern onto tH8VAupdithapraphiq @peRjusThe meaing thaf anndigs a gediced pptiermn antesa

i ncl udes Lt control tem t.0 cont.rol .he position of the

subst 1 at o PR ELARR | Bred¥BETAr TS o hiMGeRRBesbBRadl i Brpsed
measur enefik eganspleih Meirgdiuifengo of intigtRel difcultBAEYY. & SicHURRRY a PittSRIAS BEviEY,
sensor t arg,et . positiaons of the substrate support. [0004] During use of the
| i t hogr apWRich &gabtematively Feferedtods p magleoramsticlecmanbe ysed tn gpoetata acircyil ppéamm .
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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
adjacent target portions that are successively patterned. Conventional lithographic apparatus
include so-called steppers, in which each target portion is irradiated by exposing an entire
pattern onto the target portion at once, and so-called scanners, in which each target portion is
irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning’-direction) while synchronously scanning the substrate parallel or anti-parallel to

. this direction. It is also possible to transfer the pattern from the patterning device to the

substrate by imprinting the pattern onto the substrate.

[0003] The known lithographic apparatus includes a position control system to control
the position of the substrate support. This position control system includes a position
measurement system which is configured to measure a number of sensor or sensor target
positions of the substrate support.

[0004] During use of the lithographic apparatus forces will be exerted on the substrate

support. For instance, during the exposure phase, i.e. during projection of the patterned beam




on a target portion of the substrate |evel, |evel actuations may be
performed to position the upper surface of the substrate in a correct
orientation with respect to the lens colum or projection system As the
stiffness of the substrate support is limted, the | evel actuations my
cause tenporary deformati ons of the substrate support. Such deformations
may lead to focus errors and/or offset in overlay. [0005] A known

enbodi ment of the |ithographic apparatus includes a liquid confinenent
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result to tenporary deformations in the substrate support and can

t her ef or eerars and/of offebigayeday.ors and/or offset in overlay. [0006] To
reduce the ris formatiQns o e.,.gubstrate table and as. a .consequence
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accuracy and speed of the positioni ng}gof _the_ substrate support, the
possi bi | | Proisstiemsystest o phéain moresyipbledsepkys indiesshebreanthese fsringrden dut
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illumination systemconfigured'to condition a radiation bean a patterning
devi ce oaysdby.e of inparting the radiation beamwith a pattern inits
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focus errors or overlay offset, it has been proposed to increase the stiffness of the substrate
support. However, the increasing demand on accuracy and speed of the positioning of the
substrate support, the possibilities to increase the stiffness of the substrate support without
encountering further problems, for instance with respect to weight may have come to their

limits.

SUMMARY
[0007] It is desirable to provide a position control system for a lithographic apparatus
in which the accuracy of the positioning of the target portion with respect to the lens column or
projection system may be improved.
[0008] In an embodiment of the invention, there is provided a lithographic apparatus
including an illumination system configured to condition a radiation beém; a patterning device

capable of imparting the radiation beam with a pattern in its cross-section to form a patterned




configured to project the patterned radi ati on beamonto a target portion of
the substrate, wherein the |lithographic apparatus includes a position
control system.configured to control a position of the target portion,
wherein the position control systemincludes: a position neasurenent
system configured to determ ne a position of a sensor or sensor target on
the substrate support, a controller configured to provide a control signal
based on a desired position and the determ ned position, and one or nore
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control system’includes a ness conpensation no Strate
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i ncluding: an j| ) natigon systemconfigured to condition a radiafion beam
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and the determined position, and one or more actuators configured to act on the movable object,
wherein the position control system includes a stiffness compensation model of the movable
object, the stiffness compensation model including a relation between a force exerted on the
movable object and a resulting position error of the specific location on the movable object,
and wherein the position control system is configured to correct the position of the specific
location using the stiffness compensation model.

{0010} In an embodiment of the invention, there is provided a lithographic apparatus
including: an illumination system configured to condition a radiation beam; a patterning device
support constructed to support a patterning device, the patterning device 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 the lithographic

apparatus includes a position control system configured to control a pattern position of the




apparatus includes a position control systemconfigured to control a
pattern position of the 3 pattern device, wherein the position control
system i ncludes: a position nmeasurenent system configured to determ ne a
position of a sensor or sensor target on the pattern device support, a
controller configured to provide a control signal based on a desired
position and the determ ned position, and one or nore actuators configured
to act on the pattern device support, wherein the position control system
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correcti nmogelsi tion errors of the target portion. [0012] The stiffness
conpensati on | of the substrate support may include a_ relation between
a force exertg@giﬂ e egﬁ)&étm% @? g ipesationdbera 1sevided ngephediter contrallingr  of
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positions of the substrate support a nunber of disturbance
substrate, feeding the force signals to a stiffness compensation model of the substrate support,
and using an output of the stiffness compensation model for correcting position errors of the
target portion.

[0012] The stiffness compensation model of the substrate support may include a
relation between a force exerted on the substrate support and a resulting position error of the
target portion.

[0013] In an embodiment of the invention, there is provided a calibration method for
determining a stiffness compensation model of a substrate support. The stiffness compensation
model of the substrate support may include a relation between a force exerted on the substrate
support and a resulting position error of a target portion of the substrate. The method includes
exerting in each of the number of positions of the substrate support a number of disturbance
forces on the substrate support, determining a frequency response function between the
disturbance forces and a resulting change in position of the target portion, generating for each
of the number of positions a compensation gain matrix, or generating a compensation gain

matrix, each compensation gain being dependent on the position of the substrate support.




forces on the substrate support, determ ning a frequency response function
between the disturbance forces and a resulting change in position of the
target portion, generating for each of the nunber of positions a
conpensation gain matri x, or generating a conpensation gain mtrix, each
conpensati on gain bei ng dependent on the position of the substrate support.
4 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0014] Enbodi nents of the invention
wi |l now be described, by way of exanple only, wth reference to the
acconpanyi ng schematic drawi ngs in which corresponding reference synbols

i ndi cate correspondi ng garts and in which: [0015] Figure 1 depicts a
| i t hogr aphi ¢ appar at us %Qﬁﬁ&Rﬁ%ﬂm@m% &Gbhe invention; [0016]

Figure 2 depic Ll 1 - i : r i
crbodi et of 14ha) bRt HORER A BT Bt LA Bkl baly
control sehémefeshcatd the hagnpphyicg sghematit dsiwisgsdn mdidhgrofrespanimgaafoteticerent  of
Figure 2; [0018] Figure 4 depicts a frequepncy transfer function matrix
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the substrate support in accordance with an enbodi nent o I nvention;
[ 0019] Fi threeti@; depicts a stiffness conpensation nodel according to an

enbodi nent of Lnvention; and 020] Figure 6 depicts. a, control, schene
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i ncl udi ngofthkiMihGogonf i nement system DETAI LED DESCRI PTI ON [ 0021] Figure 1

schematically depicts a |ithographic apparatus according to one enbodi nent
17 - i6h

of the inventi B17Ieugsptepintuschrmaticalls g cantrolischemaelia lithogyshie apparatus
Faci at | on' ey or BRI EPRRL | O7) 2 L% copport structure or pattern
support (e.g. HOMgsKghel dpiddla fenrheyeintertfonGion poitlix desprbihg Félhtig
between servo and target portion error as a result of acceleration forces on the substrate support
determined for a position of the substrate support in accordance with an embodiment of the
invention;
[0019] Figure S depicts a stiffness compensation model according to an embodiment of
the invention; and

[0020] Figure 6 depicts a control scheme for a lithographic apparatus according to an

embodiment of the invention including a liquid confinement system,

DETAILED DESCRIPTION
[0021] Figure 1 schematically depicts a lithographic apparatus according to one

embodiment of the invention. The apparatus includes an illumination system (illuminator) IL
configured to condition a radiation beam B (e.g. UV radiation or any other suitable radiation), a
support structure or pattern support (e.g. a mask table) MT constructed to support a patterning
device (e.g. a mask) MA and connected to a first positioning device PM configured to
accurately position the patterning device in accordance with certain parameters. The apparatus
also includes a substrate table (e.g. a wafer table) WT or "substrate support" constructed to hold

a substrate (e.g. a resist-coated wafer) W and connected to a second positioning device PW




device (e.g. a mask) MA and connected to a first positioning device PM
configured to accurately position the patterning device in accordance with
certain paraneters. The apparatus also includes a substrate table (e.g. a
waf er table) WI or "substrate support”™ constructed to hold a substrate
(e.g. a resist-coated wafer) Wand connected to a second positioning device
PW5 configured to accurately position the substrate in accordance with
certain paraneters. The apparatus further includes a projection system

bai ter n | CoLAEAE B BUER o P BUEHER kRN pfuigi Ol °
t ar get ponppasatuTufthegincliudes astojegti@nsystein (@Y. & refrasye plojdction Sanb sisteih )P SNV

[0022] The illum nati.on system may include varjous_types of optical
conponent g?ﬂ@%%f to Rrojpt £ Paern rpareditp dherrpdigtionegRi Py paidsrawedstisg Mk pato

el ect 1 0St Alirfo Bor@hitS e. £ YRINIAL AP Bl GiGPIPABERRacRy, Ny cOMbi nat i on

t hereof, for directing, shaping, or contro g radiation. [0023] The
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can use mechalf023l Thesppentpiredtae supportas e bears tievesight &l prjterndrgdivingel t o

hol d th ing devwice.. Th b fram .
foble. 't ol Rl M ina et BRGIRe R ol i rfenlip 8E00R Pl 8ol oo
st r uct ur etherlysignsfithe lithvataphlieapparatie] Hdnghd@phdifonss sith a8 feleskmglt iashdriodn,

for exanple with respect to the projection system Any use of the terns
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referring to any device that can be used to impart a radiation beam with a pattern in its
cross-section so as to create a pattern in a target portion of the substrate. It should be noted that
the pattern imparted to the radiation beam may not exactly correspond to the desired pattem in
the target portion of the substrate, for example if the pattern includes phase-shifting features or
so called assist features. Generally, the pattern imparted to the radiation beam will correspond

toa particular functional layer in a device being created in the target portion, such as an
integrated circuit.

[0025] The patterning device may be transmissive or reflective. Examples of patterning
devices include masks, programmable mirror arrays, and programmable LCD panels. Masks
are well known in lithography, and include mask types such as binary, alternating phase-shift,
and attenuated phase-shift; as well as various hybrid mask types. An example of a

programmable mirror array employs a matrix arrangement of small mirrors, each of which can




integrated circuit. [0025] The patterning device may be transm ssive or
reflective. Exanples of patterning devices include masks, programabl e
m nor arrays, and progranmabl e LCD panels. Masks are well known in

| it hography, and include mask types such as binary, alternating
phase-shift, and attenuated phase-shift, as well as various hybrid mask
types. An exanple of a progranmable mrror array enploys a matrix
arrangenent of small mrrors, each of which can 6 be individually tilted
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Al ternatively, the apparatus may be of areflectlvetype (e.g. enploying a
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machi nes the additional tabl es or supports may be used in parallel,
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numer i cal tables or supports are being used for exposure.

[0029] The lithographic apparatus may also be of a type wherein at least a portion of
the substrate may be covered by a liquid having a relatively high refractive index, e.g. water, so
as to fill a space between the projection system and the substrate. An immersion liquid may
also be applied to other spaces in the lithographic apparatus, for example, between the mask
and the projection system. Immersion techniques can be used to increase the numerical
aperture of projection systems. The term “immersion™ as used herein does not mean that a
structure, such as a substrate, must be submerged in liquid, but rather only means that a liquid is
located between the projection system and the substrate during exposure.

[0030] Referring to Figure 1, the illuminator IL receives a radiation beam from a
radiation source SO. The source and the lithographic apparatus may be separate entities, for
example when the source is an excimer laser. In such cases, the source is not considered to
form part of the lithographic apparatus and the radiation beam is passed from the source SO to
the illuminator IL with the aid of a beam delivery system BD including, for example, suitable

directing mirrors and/or a beam expander. In other cases the source may be an integral part of




aperture of projection systenms. The term "imrersion"” as used herein does
not nmean that a structure, such as a substrate, nust be subnerged in
liquid, but rather only neans that a liquid is |ocated between the

proj ection system and the substrate during exposure. [0030] Referring to
Figure 1, the illumnator IL receives a radiation beamfroma radiation
source SO The source and the lithographic apparatus may be separate
entities, for exanple when the source is an exciner laser. In such cases,

the source i.s, not .considered to formpgart of the |ithqgraphic a rat ys
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configured to adjust the angular intensity distribution of the radiation
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referred to as.a-,out a a-inner, respectivel.y. the.intensity.
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di stributjon LA dobi$,Cr 0SS-section. [0032] The radiation beam B is incident
on the patterning device (e.g., mask MA), which is held on the support
structure (e.gl032Fke tadiation Miam Basihcidenpad the pardning detiec foag.f mask M),

devi ce. Hayi traversed the patterning devjc e. g,. mask) , .the |

radi at | onBish ls?@a% HeSuPRaTt YirgHe (?eg-ﬁ%ﬁiée?lﬁ Sﬁf)swﬂémwe% bR PRbIREE s
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posi ti oni Mgrféeyrh&fc Bidiaed) tinsdt@hbler BOSHphEIATe SRBSYthé WbsEhte kablRT can be
moved accurately, e.g. so as to position different target portions C in the path of the radiation
beam B. Similarly, the first positioning device PM and another position sensor {which is not
explicitly depicted in Figure 1)} can be used to accurately position the patterning device (e.g.
mask) MA with respect to the path of the radiation beam B, e.g. after mechanical retrieval from
a mask library, or during a scan. In general, movement of the support structure or pattern
support (¢.g. mask table) MT may be realized with the aid of a long-stroke module (coarse
positioning) and a short-stroke module (fine positioning), which form part of the first
positioning device PM. Similarly, movement of the substrate table WT or "substrate support”
may be realized using a long-stroke module and a short-stroke module, which form part of the
second positioner PW. In the case of a stepper {as opposed to a scanner) the support structure
(e.g. mask table) MT may be connected to a short-stroke actuator only, or may be fixed.
Patterning device (e.g. mask) MA and substrate W may be aligned using mask alignment
marks M1, M2 and substrate alignment marks P1, P2. Although the substrate alignment marks

as illustrated occupy dedicated target portions, they may be located in spaces between target




explicitly depicted in Figure 1) can be used to accurately position the
patterning device (e.g. mnmask) MA with respect to the path of the radiation
beam B, e.g. after nmechanical retrieval from a mask |ibrary, or during a
scan. In general, novenent of the support structure or pattern support
(e.g. mask table) MI may be realized with the aid of a | ong-stroke nodul e
(coarse positioning) and a short-stroke nodule (fine positioning), which
formpart of the first positioning device PM Simlarly, novenment of the

substrate le WL.or ., substrate support” . nma .realized, using a,. .
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"subst r atte thappeott Structdirat(e.g.amask table) MT or "pattern support” may be determined by the

(de-)magnification and image reversal characteristics of the projection system PS. In scan
mode, the maximum size of the exposure field limits the width (in the non-scanning direction)
of the target portion in a single dynamic exposure, whereas the length of the scanning motion
determines the height (in the scanning direction) of the target portion.

[0036] 3. In another mode, the support structure (e.g. mask table) MT or "mask
support” is kept essentially stationary holding a programmable patterning device, and the
substrate table WT or "substrate support" is moved or scanned while a pattern imparted to the
radiation beam is projected onto a target portion C. In this mode, generally a pulsed radiation
source is employed and the programmable patterning device is updated as required after each
movement of the substrate table WT or "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.




to the support structure (e.g. nmask table) MI or "pattern support” nmay be
determ ned by the (de-)magnification and inage reversal characteristics of
the projection systemPS. In scan node, the naxi 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 determnes the height (in the scanning direction) of the target
portion. [003613. In another node, the support structure (e.g. mask table)
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typically t ana egrees o ane stan
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freedom @reaptroller 6 to provide control signals at |east on the basis
of the position neasured by the position

[0041] The position measurement system 5 is provided to measure the position of the

substrate support 1, and may for instance be an interferometer system or an encoder-type
measurement system. The position measurement system 5 includes a number of sensors 8, for
instance encoder-type sensors, mounted on the substrate support 1 and a number of sensor
targets 9 mounted on a substantially stationary frame 10. In an alternative embodiment, the
sensors may be mounted on the metro-frame 10 while the sensor targets are mounted on the
substrate support 1. Any other type of measurement suitable to measure the position of the
substrate support with high accuracy (nanometer accuracy) may be applied.

[0042] The controller includes a subtractor wherein the actual position of the substrate
support 2 is subtracted from a desired position which is for instance given by a set-point
generator. The resulting signal which is often referred to as servo error is fed into a controller
unit which provides on the basis of the input of the controller unit a control signal which is fed
to the actuator to actuate the substrate support 1 to a desired position.

[0043] The controller may further include a feed-forward device. Such feed-forward

device may provide a feed-forward signal on the basis of a set-point signal or other reference
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measur enent system and one or nore actuators 7 to actuate the substrate
support 1 in a desired direction. [0041] The position neasurenent systemb5
is provided to nmeasure the position of the substrate support 1, and nay
for instance be an interferoneter systemor an encoder-type neasurenent
system The position neasurenent system 5 includes a nunber of sensors 8§,
for instance encoder-type sensors, nounted on the substrate support 1 and
a nunber of sensor targets 9 nounted on a substantially stationary franme
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configured to control th
in al desired degrees of freedom possible.

[0046] Furthermore, the position control system 3 as described above is directed at a

control system to control the position of the substrate support. Similar systems may be
- provided to control the speed, acceleration or other relevant position related quantity of the
substrate support.

[0047] A position measurement system 5 as described above is generally known.
However, this position control system may not take into account the internal flexibility of the
substrate support. When forces are exerted on the substrate support, the substrate support may
temporarily deform. As a result, a change of position of one location of the substrate support
does not automatically result in a corresponding change of position of another location of the
substrate support. Such difference caused by the internal flexibility of the substrate support
may be in the same degree of freedom, but also in different degrees of freedom, a so-called
cross-talk effect.

[0048] In general, there are three relevant locations on the substrate support which are

relevant for the position control of the substrate support, when the flexibility of the substrate
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position of the substrate support in a nunber of degrees of freedom
typically 3 co-planar degrees of freedom or six degrees of freedom For
this reason, the position control system3 may include an arrangenent of
on or nultidinensional sensors configured to neasure the position of the
substrate support in the desired nunber of degrees of freedom as well as
an arrangenent of one or nulti-dinmensional actuators to nmake positioning
of the substrate support in al desired degrees of freedom possible. [0046]
Furt her nor, | tion control stem 3 as.descri.bed ove is directed
ot o conpimords RO kAR D M BesE TR of B e BER oS ¥t
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ot her relevant position related quantity of the substrate support. [0047]
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into account. The first |location is the position of the sensor or sensor
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position Igeff,f(%ﬁ?%E‘HPQEE?EF%J#E?E@E%i s determ ned. A second |ocation of

| mportanc on o arget portion of the substrate, since

the goal of pognsejoHowert. althowsh thé eoried adtiontngaysubpfaitialll smpRve tiRipositiohing
position of the target portion 3 with respect to the projection system 4.
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exerted on t ubstrdate su
than the flexibility of the substrate support between the first location and the second location.

Nevertheless it is desirable to actually control the position of the second, i.e. the target portion,
as this is the actual location where a image is projected on the substrate.

[0051] In order to take the limited stiffness, i.c. the flexibility, of the substrate support
into account, the position control system includes a stiffness compensation model which
includes a relation between a force exerted on the substrate support and a resulting difference
of change in position of the target portion and the sensor or sensor target. The stiffness
compensation model may be arranged in a feed-forward part or in a feedback part of the control
loop or in a combination of feedforward or feedback. Arrangement in the feed-forward loop
may be preferable in view of control stability.

[0052] In Figure 3, a multivariable control scheme of a position control system
including a stiffness compensation model in a feed-forward device is shown.

[0053] The control scheme of Figure 3 is designed to compensate for errors in the
position of the target portion as a result of forces which are exerted for level actuations during

the projection phase of a patterned beam on a target portion of a substrate, in combination with
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due to the internal flexibility of the substrate support the change in
position of the first location and the second |ocation may be different.
The controller will normally control the position of the substrate support
on the basis of the first location as this is the position of the sensor or
sensor target of the position neasurenent system Such correction may for

I nstance be perfornmed using a feed-forward device. [0050] However,

al t hough the control action may substantially inprove the positioning of

this fir | ocat.j.on,..it have different effect on th econd | ocati on.
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conbi nati on of feedforward fgr f eedback. Arrangenent in the feed-forward
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with actuators to de-couple the six degrees of freedom MIMO mechanics of the substrate support in
order to reduce cross talk -coupling matrices. The resulting signal is fed to the actuator or
actuators of the substrate support for actuation of the substrate support ST to the desired
position.

[0055] Further, in the feed-forward device a stiffness compensation model FFcomp is
provided to compensate the difference between the deformation of the substrate support at the
location(s) of the sensor(s) and the deformation at the location of the target portion as a result
of the forces being exerted on the substrate support for the leveling of the substrate support ST.
As the (multi-dimensional) acceleration set-point is a representative signal for the force
actuated on the substrate support, this acceleration set-point is used as a force signal which is
fed into the stiffness compensation matrix. Before being actually fed into the compensation

gain matrix, the acceleration set-point passes a filter AF, e.g. a second order high pass filter

which works as a second order differentiator to convert the acceleration set-point signal in a
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respect to the projection system Such leveling is described in nore detai
in US patent No. 6,924,884, the contents of which are herein incorporated
by reference, and US patent No. 7,019,815, the contents of which are
herein incorporated by reference. [00541 In the control schenme of Figure 3,
a set-point generator SG generates a position set-point sp-pos and an
accel eration set-point sp-acc for the substrate support. The actual
position of the substrate support as neasured by the position neasurenent
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conpensatj opn nodel. FFca i oVi to.c ensate the differenc bet ween
t he def or IPHt'f &H° 8¥P’Pﬁ‘§“gﬁﬁif§fefl§§1ied§h g‘r‘fte‘:té&n E‘PGP%%‘&F BB (ragtriegs Thayhe
Sensor(s)?ﬁﬂﬁﬁeahﬁa(iﬁﬁﬁeg@f b&icAk OHH% shgﬁl%'%ééﬁ & irf 1A WA BRIl piafe S @
result the forces being exerted on the suBstrate support for the

| evel i ng @ﬁ-y—phae)sabsalrtanQC@apiptmd@Ee magsbetmew(iﬂdjtomalqnlaheths|comab1)satlon

accel eratlon S,.a r res for the force. act.uated
on the. oubts 2 bof o boden BREBRERLPhaotfioks B Spurthforh bl i BSHER o

si gnal whireletefmink@€d i nto the stlffness conpensation matri x. Before bei ng
actually fed into the conpensation gain matrix, the accel eration set-point
passes a filtel00RH, Inétltgmaa\f%@@bnd@rnmt@j@ﬁmglegnnmwtwm Baip mattihingyi bopiokileds a
second or [ r t- t al in
21551 gnafereihshe SRRl el of R RBEhor P8 BRI ioR Ry BB wPhéE

t he Subst rat e [90§8]CTHe @inpeh@tioh gﬁlgﬁﬁremhuﬁdeh@ﬂch that the difference between the change

in position of the target portion and the change of position of the sensor mounted on the
substrate support as a resulf of an actuation force being exerted on the substrate support is
compensates to position the target portion to be irradiated by the projection system in the
substantially correct position. Since the compensation matrix is a multi-dimensional matrix
this correction may be performed in the same degree of freedom, for instance actuation and
correction in y-direction, but also in a different direction, for instance a torque actuation in Rz
direction and a correction in z-direction. In general actuation in each of the controlled degrees
of freedom may lead to a position correction in the same or each other degree of freedom.

[0059] By the above correction of the position by using the control scheme of Figure 3,
the position control of the target portion of the substrate supported on the substrate support is
improved, resulting in a better overlay and/or focus.

[0060] In an embodiment of the invention, a calibration method may be used to obtaina
stiffness compensation model as described above. It will be appreciated for the man skilled in

the art that in order to obtain a proper position control of the target portion, i.e. error
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[ 0056] The conpensation gain matrix includes a 6x6 matrix Kconp including a
conpensation gain for each relation between a force in one of the six
degrees of freedomand a resulting conpensation of the position of the
target portion in one of the six degrees of freedom As the anount of
conpensati on al so depends on the actual position of the substrate support,
a mtrix nmay be provided for a nunber of positions of the substrate
support. As the novenents of the substrate support during scanning are
mai nly two-dimensional in th | ane rpendi cular to the IS 0
or o] ot | oROTRPBERPR: A1 coppbetatiof ariped o Ay iiess A BRESEGNIalel FEVO M ces may
be provi dedrrhidkd. arHREaRSHtH mBOSH bf ARSubratd\@p mﬁirroﬁfaﬁngwmesé n this two
e

di mensional plane (x-y-plane). A real-tine calculation vi ce may be
provi ded rcempensatiitremedal mall sowdedesaribed in marerdstdilor positions in between the

nunber of posity for i ch c ensat k.pn Ln . matrices. are determ ned.
(00577 In Bt ol0eREPFlee MUGR COFRENER bF R R DG ek R RtE oy e
provi ded, furlstier &rBixikputdonpeaaiationg@xNBy,dlre, Fx, FH)Biy) @hsiipodifien aehual(x,
position of the substrate support. 0058] The compensation gains are

chosen sudRe&HaRxiike cditersererreer petidiian insempprisegevithreriss of thedwediportina of
target popld Ons AR Hg smﬁ&gﬁu@%m&a;ghg{l ARe)OThdsE §raf S TRACHTRY Bt aih&f-
a t u a? on lﬁe

substrate support as resu an ac ion Torce belng exerte
subst r at eas apg@ementan whivkbetistht eesition giithe tdneor(d) iert@agé thepokition of the tdrget

irradiated by the, projection systemin the substantially correct position.
Si nce thep%lﬁﬁé%faﬁi FasRrefsWReTRRY 4 SeRREHG AR ptforcehprs
correct i ophacdlfo BR LRSI bR, fiBrSRNR, i?l@%fj {?ﬁ-d goﬁél%ﬁﬂgal #u;,’letlioﬂs NS, FRGE

actuation and correction in y-direction, also in a erent”
di r ect i onan fnpnt inaslegree of fre¢donyioenautpubiin awthendégree ofi freedomothe Aexiibdity of the

correction,in z-diregtion. Ln neral ,actuation in.each of the controlled
degr ees %ufbsél?tgéw ﬁomﬁsaﬁeairgﬁ}f %@fe{%@ﬁ 18%%@83’3}’?}%85 e {apY; Uér_ each
ot her degéRebifidtions @RARTereh&0R YbnsBvily e tiRIBYRI0R AF HRGEhRR (REvd) BSd BRTAdbON by
using the control scheme of Figure 3, the position control of the target

porti on oportifye (wafed mraythe aslgpons BB erevend 0 B bitis eemearisadghafrat high fragupraissed,
ool e SR A S5 bR e B8 SRR
conpensati on n@de6t] Simikeaadsfdrdanadiony may bt oblalded Ber dffeaCicitRes bPthet he man
skilled in, the art that in order to o%tai n a proper position control of
the tar getubyaie support; Apthe spbsate support, at least during the exposure phase, mainly moves in

the x-y plane, the transfer functions may be determined for a number of positions in the x-y

plane. It is remarked that a certain number of positions of the substrate support relate to a

specific target portion as in these positions of the substrate support this specific target portion is

positioned under the projection system and is to be illuminated.

[0063] In substantially the same arrangement the effect of other forces exerted on the
substrate or substrate support on the positions of the sensor(s) and the target portion may be
obtained.

[0064] In a ne:;(t step, the transfer function matrices including position deformation as
function of the forces/accelerations is translated into a compensation matrix. This can be done
by multiplying the complex inverse transfer function of the substrate support, or more general
the mechanics of the movable object to be conirolled, with the desired ideal transfer function.

The resulting compensation model (shown in solid lines) is a frequency dependent transfer

function matrix for each measured x-y position of the substrate support. It is desirable to obtain
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14 conpensation, the conpensation gains of the stiffness conpensati on nodel
have to be determ ned. The calibration nethod of the substrate support for
obtaining a stiffness conpensation nodel will now be described in nore
detail. [0061] Figure 4 shows a 6x6 matri x of bode plots describing a
frequency transfer function for six input forces/accelerations (Fx, Fy,
Frz, Fz, Frx, Fry) to six position outputs (x, vy, Rz, z, Rx, Ry) of the
servo error (solid line) in conparison with error of the target portion of

the substrate on the substrate support (dashed |jne).. These transfer
f unct i ons?EFE FREIRAGE ComRsass! ﬂW’E%P%@éanﬁomn%bbgmgtﬂﬁsﬁ fPPgR of
the sensoffehlchRf\@mpaRdtibNaaRBSdhited links) g &iﬁ%o&fﬁlt tranR Rk FRBoANGB! dndTRY DE

measur ed, whereby subsequently the specific inp orces are introduced to
t he subst degrec efdisiedom|inpyde samedegree afdreeden ofifput] haymmenityt gasmees thefralevant ons,

i.e. f [ o f f d t t put i t
of i r ce ol R ERE PEs e PR Rims eiE b Enelhe Dy Beta 3rde Riah s tilhe
transfer ngmmmsB/@da@a&gl&@t, for sone input-output conbinations the

difference in sensitivity at the |ocation of the sensor (servo) and the
target porti olf0HaBesey opthiespapraeximatiges efshgepbrubitedganpensatipn, matyix pgeal

remar ked - hi.gh . 1 " -15 ; |t ernal eigen
frequenci Iés S gﬁrtltoﬁtngﬂra%ﬁﬁ%gﬁ{e‘f# %Z)Slfurog?sﬁ%rswsgrﬁg:etsgg‘%dgls[og)gagﬁd' Simlar
transfer functjooas] Amrylgbathaltfed instandeqin iffiefdolitien tal gofigini iran de plovidal to
substratezi¥ port. As the substrate support, at. |east durinﬂ%ghe exposure
phase, mef @atﬁﬂf\%@mpﬁnsatlﬂ%mw §9r Aprsmepsed posiions pf the SEbsIGHSURRY be
determn : I 1] ' - ' t hat
- cor t ai ol e SYERRlon? forRShlcl AR B ks BT el orc Epo BIBHS B
speci fi c dubstgat syppotti on as in these positions of the substrate support this

specific targe rtion is sitioned.under the projecti stemand is
e | 11 uo SbaBAY WisB despeeti® Ditsbb S eabi At prth LS TR A kg D1 N BHEAg) 1 bt
of other hREABRoEERAIRE: tRE pddiSon BERSINRINE oPthe SRS hbAIR RMRAP QhlibrRtibd 38

positions of the sénsor(s) and the target portion nmay be obtained. [0064]
| n a nextsosteadggroehef frecdout, dre rhigsiog frequenay réspense ifurstionti mgy pe&ited omthe basis

def ormat i éas f% &gio_ 9 t(file gor se/e e era‘;ti ons |r t{)lansl %ted into a
conpensatf ghE Ao e Staeh MBS SR BB R st ot R TP BRI nver se
transfer gogitiohs 6fbath tHeltgrgstisitioatadd SPRASIr/iseor HBER OGS dptimal
compensation.
[0068] The position control system according to an embodiment of the invention may
also used for compensation of the positioning error of a target portion of a substrate support due
to the effect of another force exerted on the substrate or substrate support in combination with
the flexibility of the substrate support. For instance, in a lithographic apparatus in which a
liquid confinement system is used to provide a quantity of liquid between a target portion of a
substrate and a final lens element of the projection system, the liquid confinement system may
exert a force on the substrate and/or substrate support. This force may be caused by movement
of the liquid confinement system itself, liquid flow within the system, effects of the gas used to -
maintain the liquid in the desired location, or by movement of the substrate support with
respect to the liquid confinement system.
[0069] It is known to estimate the forces exerted by a liquid confinement system on a
substrate support, by using the position of the liquid confinement system/servo error and the

control signal of a position control system of the liquid confinement system. Such estimation
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t he nechanics of the novabl e object to be controlled, with the desired

i deal transfer function. The resulting conpensation nodel (shown in solid
lines) is a frequency dependent transfer function matrix for each neasured
X-y position of the substrate support. It is desirable to obtain 15 a nore
conmpact conpensation matrix. Such matrix can be obtained by fitting a real
function on the calcul ated conpensation nmatrix (dashed |ines). The

di agonal - transfer functions (fromone degree of freedominput to sane

degree of fr.eedgm ayt pu have a ity inover ther f requency
range. Thgloglelfe‘_is aFSéEBlBJ?fg’I“L[%Se? 1€ té‘ﬁluﬁ% %@3&39%%@@%&?5&?@§3%9Wd hi gh
pass filtesnted biwhict aftAERAA BRBHRALPDErefdHRE5] Based on these _
approxi mati ons of the cal cul ated conpensation matrix a real conpensation

matri x for eacH0{0)Intbe coriteph sysftem Hesceibedbinras ¢1/02Hpa0 theiestiniged fareatis f§dD066]

An al gori thm f.or. | nstance interpol ation al gori.thmmay be .provided to
cal cut at e e TRRIR BB R M Pt Rt Poaevilt &1 he
substrat ec ditlon fortl €618the fdrbeexkted bh aid sABSralOSupp b3 ROOE R 1SR IroPN
val ues of adjacent rreasured/éf)ositi ons of the substrate support. [0067

W th respseten thedigted shifaessdlexibilityiobfresubsiite supporsismehtakrtnte arepuninyhic

m ssing j ...l Iﬁ?ﬁ]i% i he position neasurenent of the target
portion dﬁlra?r%&%a I 8@%/{)%%%%1%#@%8{% degrees of freedom the m ssing
frequency resp@i3H Figmetd shows aeyiniplifibd)tdoatiolaghérheadvasding toai dnitedinndm bfat i on
in the other degr.ees of {reedo However, it is_preferable to neasure

posi ti onsH‘Gﬁmﬁ HHY%O‘E-a'é*@%?OH&S FaheR showes 3 sratiobpdsmepar{ N g @psition

obtai N opLiiRl of (RO | indGinB9SEHbRR t i ng
o an enpar onof e Bl et R G S b £ R S ST U
posi t i oni Ghq end the methanids af thetligpukdonfinenndnt syssanoBliq.dthe distprbarce fatueexertod bhe

effect of janother force exerted.an. the subsfrate or spuhstrate support in
conbi nat 1 BR TAHErFon PR SARGRT g a3 Cdap et omostib daFHoNEE hot ance,
inalit h@ﬁé@&%&s_ﬁrﬁk@@ﬁ@’oﬁﬁs indicafidGRtHAFRd. Ondkd BhsfQRtHARAR Mros ¥ St Bl bentkbt €d
to provide a quantity of liquid between a target portion of a substrate
and a fi nagnal einkofdheemntrollef unitfelipthy distuitoncegstimainr Deseestimatds dheodisibaseent
system may. . xgLt a force on the substrate and/or substrate support. This
force may h& ‘Calised by novenent

[0072] The control scheme part of the substrate support CONsub, includes a set-point
generator SGsub, a controller unit Csub, and the mechanics of the substrate support Psub. The
disturbance force Fd is added as —Fd in the control scheme as the force is opposed to the force
exerted on the liquid confinement system.

[0073] To compensate the position of the substrate support, as is described in US
Patent Application No. 11/022,950 the estimated disturbance force Fdest is subtracted from the
control signal of the substrate support controller Csub to compensate for the disturbance force
exerted on the substrate support. However, this compensation force may not take into account
the limited stiffness of the substrate support.

[0074] Therefore, in accordance with an embodiment of the present invention, the
estimated force is also fed to the stiffness compensation model SCMsub to calculate a
compensation signal to be fed into the control loop of the substrate support. By taking into
account the flexibility of the substrate support the target portion may be positioned more

accurately, and as a result the chance on focus and/or overlay errors is substantially decreased.
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of the liquid confinement systemitself, liquid flowwthin the system
effects of the gas used to nmmintain the liquid in the desired |ocation, or
by novenent of the substrate support with respect to the liquid
confinement system [0069] It is known to estimate the forces exerted by a
liquid confinenment systemon a substrate support, by using the position of
the liquid confinenment systemservo error and the control signal of a
position control systemof the |iquid confinenment system Such estimtion

16 nodel is described in US applicatjon No. 11/022, 950, published a
US2006/ 139613, T St el Bt @%ﬁgseﬁﬂ%fﬁ EOHRFERH HEGR 655@3@& tﬂ 4l er ence.
[0070] 1 npbliftofthe Qlbstate WePoAcR 1kt oy plind 022 plhdsiRnGeilseRuaslHor ce

is fed forward to the position control systemo ne substrate support in
order to pliidvdssieompensasippanedsl SEMsubyrlp@nfaliernatiec dmobaskimentethe edtualipositien of
substrate _su rt. However . i.n,this control systemth Lt ed

St 111 nosolRIBRB PpoT iy e BBl P SORAGS sopb RO RERINRY o account
which may caup®76PEushameledins@u@bf @Yinfiihg e fol @OA tle TsBWa sErvalkeos aii
(sinplified) control schene according to an enbodi nent of the present

i nvent i onconfrel siged of thslisgidronfinepetsysicrs oatiion caviebsistepn the foraqte be fedrinto
position 11 qui | l;ncl udi ng a

set poi nt - g%%g?fﬁa?%rcg %&E 1{1@%%1&%&?%%11?33{1{%{3%@ &éﬁ%agmg?fd t he nechanics of the
| i qui d confi nefo®aT] Bithte etovieldeseriplitie a dii fhask banpenshtuncaodst dad wen dascribbé for
liquid confinenment system which i s also exerted in the opposed djrection
on 't he sUBRPCRSEIO8 €S BRSHICS FEiSBPE 2 fasest petioaoéa sulsttaterag 2 r@ﬂl?ttq#gleml_itg- df
the ser Vocfg{bm{on‘?né%ﬁﬁh Bl De&PisERbed B} &Réi'nil%ltﬂié_sﬁfﬁmésg%o&géﬁs%%d fbd&iNhhy G 1 0,
t he di sturbance estimator Dest estinates the disturbanc orce Fdest"

[ 0072] Thetherowitelik nethveinfer pltniningfthe sidfreabeimpansatonppadtel, f{GGNstate imel udes a
set - poi nt eneratar SGsub, a.controller. uni ub, and t nmechani cs of
The Subet FlaRENanHsne TBaGR uBAGR trrepuaical popidhe HtP oL RHdERE - Fd | n

t he contrpkesfaene as the force is opposed to the force exerted on the

|l iquid confinenment system [0073] To conpensate the position of the

substrat e suppl®078] lagh¢ shayeslesdrived cinhodienPathe Aexibgity pTthe Fehstrals. supporORe, 950
the esti nﬁéeﬁ?ak%h %%tg Elgc%%te fo];_ re%%siﬁgl%lsltg o.f %hestgxbgte{ I?'O%i(ell’(lj ott 4 s(?llg]st}aqg supported on the
| substrate support with respect to forces exerted on the substrate support at least during
exposure phase of the lithographic apparatus. Examples of these forces are the actuation forces

for leveling and the forces exerted by the presence of a liquid confinement system. It will be
appreciated for the man skilled in the art that the stiffness compensation model in accordance
with an embodiment of the invention may also be used for position compensation of the target
portion with respect to any other external force exerted on the substrate support, when it is
possible to calculate, measure or estimate this external force so that is can be fed into the
stiffness compensation model. All such embodiments are deemed to fall within the scope of the
present invention.

[0079] The position control system according to an embodiment of the invention may
also be applied for the position control of a specific location of a movable object in case the
limited stiffness/flexibility of the movable object should be taken into account.

[0080] The position control system may be realized as software in a computer program,

or as a hardware control system, or a combination thereof, or any other type of suitable control

system. .
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control signal of the substrate support controller Csub to conpensate for
the di sturbance force exerted on the substrate support. However, this
conpensation force may not take into account the limted stiffness of the
substrate support. [0074] Therefore, in accordance with an enbodi nent of
the present invention, the estimated force is also fed to the stiffness
conpensati on nodel SCMsub to calculate a conpensation signal to be fed
into the control | oop of the substrate support. By taking into account the

flexibility of the substrate support the target, portion nmay be positiaoned
more accurate [@,Slbﬁﬁh%}@hépﬁ%ﬁarqferﬁw aRabrcBadminthis (ext imte gpe MEhoggPlEe [ or s

is subst aaﬁogailédlymﬁﬁg@p &ureﬂo%ItQQFS%Lullﬁiﬂmdé&f%o&ﬂ{a?&% 1%%%@@%5?%&@53; ; ort

conpensat i'on node end on the actua position of the

at | east desctibel herginpayriaye ovther pplicgmnatsuploss thi omnific@krsof ifedratad dptieal
stiffness ¢ ensation del.. SCMsub. .In an alternative enbodi nent, the
Sctual poSHeEh uaanetind dHiBuioneE o0 SRLERs IHBRGRETITED. RA@oee I PISs
conpensat jigid el dﬁ%&'&cmgpﬂlﬁlﬁﬁﬁ'h{a P Heds, ERSTRAKII #84ahFAlI Ng the
force on the basis of a servo error and control signal of the liquid
conf i neneapresiae drat, po tietdootextaimuclpilteyativempplidatiofis peeusemfitee tewns Twafer” orhe

stiffness.gcanmpensati qn nodel be cal cul ated or neasured. [ Q077].ln the
Sbove des i pRren Mo d PRidul B walnERv O B aRrs R L e sEA o o
conpensat Fafpetportiie’, ROsdctil €. EielsQbstte @fdn@t GCherfia dydd padcesscd (Hesdrt 8f Sas a
result of flexibility. A calibration nmethod has been described for

obt ai ni ngeXNePwesiniferaxampleadrmskiatool Bat trpisally appiigs a layeeef revistitapsebsirateridd f or
bt ai i - . . e .

rodel | ng dHameg e B5RE AR ARGl SRR pPlspRRLTIEE WhikhfcapRTRe

present dissclesiré herein[riA8] applied fossualh avbotiasubitbespeodeiai n@ns Furthtre the

flexibility of the substrate support has been taken into account for the
posi ti oni wésmfewazaw&se BIOFS (OHD B7cea 1 5P tl%ogq?bm@%ﬂaaw?tﬂ-wer IC, so

substr at epgURP Rk sibhdthitd L‘?S%ﬁ BEdeirl a% ﬂg& Fé‘ele&s a'sh a%nthﬁtkh‘freﬁ&&bﬁnrtzﬁﬁsemﬁ@gé)r t

at | east during exposure phase o | t hographi ¢ apparatus. Exanp of
t hese f ormescssgddaydre act uation forces for leveling and the forces exerted

UG Y RIR TR T T S AT R
accor danc&nbodiments of the invention in the context of optical lithography, it will be appreciated that
the invention may be used in other applications, for example imprint lithography, and where
the context allows, is not limited to optical lithography. In imprint lithography a topography in
a patterning device defines the pattern created on a substrate. The topography of the patterning
device may be pressed into a layer of resist supplied to the substrate whereupon the resist is
cured by applying electromagnetic radiation, heat, pressure or a combination thereof. The
patterning device is moved out of the resist leaving a pattern in it after the resist is cured.
[0083] The terms “radiation” and “beam” used herein encompass all types of
electromagnetic radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of or
about 365, 248, 193, 157 or 126 nm) and extreme ultra-violet (EUV) radiation {e.g. having a
wavelength in the range of 5-20 nm), as well as particle beams, such as ion beams or electron
beams.
[0084] The term “lens”, where the context allows, may refer to any one or combination
of various types of optical components, including refractive, reflective, magnetic,

electromagnetic and electrostatic optical components.
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wi th an enbodi nent of the invention may al so be used for position
conpensation of the target portion with respect to any other external
force exerted on the substrate support, when it is possible to calcul ate,
measure or estimate this external force so that is can be fed into the
stiffness conpensation nodel. Al such enbodinents are deened to fal

within the scope of the present invention. [0079] The position control
system according to an embodi ment of the invention may also be applied for
the position control of a specific |ocatjion of a novable object in case the

limted stiffnd985}F Mlespeqiligerghodimantsal/the inyeptigndeave bﬁ%meacrﬂzfdtahk\é%ltmi 0
account. BQQ@Q]:cléft@&ﬂﬂPﬁfeEﬁv%ﬂu g&ﬂle 8?&%?1&6%@@%13@%&1%'&5&%6@%& Qhdd@ee 1N
a COprUt er ogram or as a I’ contro stem or a conbi nat n

t her eof dre iavantiot ey takepbke fkmsifiatcabipetec program corssisingmone dBmbrd @Q&&m}ces of

Al t hough speci fic .reference be made i o the yse of
lit hog?apﬂfaeﬁmﬁﬁ?g? £ ipstrpghiang n’g frERPeAPehe 63“%?%2565 é’o‘éehB’iﬁ tﬁ)ét‘){ﬂgaer st ood
that the hjckhhaor eaﬁgélﬁlc@iﬂﬁﬁfcﬁﬁﬂbﬁlorg%ﬁ%eﬁ@gr HR1El cﬁsldgﬁaﬁvﬁl BBt Effiputer

applications, such as the manufacture of integrated optrcal systens
gui dance argragestersdithareipatt erns for nmagnetic domai n nenori es, flat panel

di splays, |iqid: ) l.ays fil etic h C.
The skt T ed ar LB THFqerlhR ugtg ake iihed forbeqtiishaBt Bifiopygy 2R 1 wih

al ternati u@a;gﬁgﬂnt ﬁﬁéﬂe@ﬁﬂkd@rﬂﬁle%&&hﬂfmddiﬂcdu@ﬁ@ﬁlay Befae tothe invéh@on A€r ei n may
be consi dered as synonynous with the nore general terns "substrate" or

"target peeseribaswithous depeartingefrgm thewsopeipkthe glaimy sef evthelpw.o herein may be
processed, before or after exposure, in for exanple a track (a tool that
typically applies a layer of resist to a substrate and devel ops the
exposed resist), a netrology tool and/or an inspection tool. Were
applicable, the disclosure herein may be applied to such and ot her
substrate processing tools. Further, the substrate may be processed nore
t han once, for exanple in order to create a multi-layer I1C, so that the
term substrate used herein may also refer to a substrate that already
contains nultiple processed |ayers. [0082] Although specific reference my
have been nmade above to the use of
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enbodi nents of the invention in the context of optical |ithography, it wll
be appreciated that the invention may be used in other applications, for
exanple inprint Iithography, and where the context allows, is not limted
to optical lithography. In inprint |ithography a topography in a
patterni ng device defines the pattern created on a substrate. The

t opography of the patterning device may be pressed into a | ayer of resist
supplied to the substrate whereupon the resist is cured by applying

el ectromagnetic radiation, heat, pressure or a conbination thereof. The
patternin %ééﬁ#gﬁhg3§3 out of the resist leaving a patternin it after
the resist is cured. [0083] The terns "radiation" and "beanmt used herein
enconpass all types of electromagnetic radiation, including ultraviolet
(W) radi ati onA(lghegraplay appgrausvawgirsingt h of or about 365, 248, 193, 157 or

" the range oft BBy tition SR B Aturet s ot iiph e iealh ne i on beams of
el ectron beang pattdRidg Hevibecdpabof ifpting WeiRatidhebaRNVBXE pRidr®PRSits MRY

refer to any one or conbination of various types of optical conponents,
i ncl udi ngelogs-sestion tcform afpaiempd wdiatiggheamnc, el ectronagneti c and

el ectrostatic i 85 Ll e specific enbodi nents of
the invention %%ﬂg&%ggﬁﬁg%gﬁc?%&bg&a Sl‘%bSt\fv\\ilayl?’l be appreciated that the
invention may bHprojdctich systdn obdfiuuvédsie pidijed tikspaiened rffigtionfRamenendtagget t he

invention may take the formof a conputer program containing one or nore
sequencesP@tion ghthgsplstraagithl e i nstructions describing a method as

di scl osed abovg 3 i : ]

mmgneti o or - opePenorboiRb Pyl AARe BT Uicha BosAETLEADME BT, |
[ 0086] Thsubdieste rthppositiom conbwksyateen ¢contpeisthed to be illustrative, not
limting. Thus, it wll. be apparent to on% skillled in the art tthat

modi fications nay bREPRHE PEASPITECHSYSIH ¢ ed&%é%‘??’ﬁ@ﬁaﬁmlﬁ%? TEPEt i ng

fromthe §CRRG&:elrediE the aliRaeShppeut below. 20 WHAT IS CLAIMED IS 1. A
| i t hographi c apparatus conpri sing:
a controller configured to provide a control signal based on a desired position of

the target portion and the determined position; and

one or more actuators configured to act on the substrate support,

wherein the position control system comprises a stiffness compensation model
of the substrate support, the stiffness compensation model comprising a relation between a
force exerted on the substrate support and a resulting position error of the target portion, the
position control system configured to substantially correct at least during projection of the
patterned radiation beam on the target portion, the position of the target portion using the

stiffness compensation model.

2. The lithographic apparatus of claim 1, wherein the stiffness compensation model
comprises one or more compensation gains for a plurality of positions of the substrate support,
- each compensation gain being dependent on a relation between a force signal and a resulting

position error of the target portion.

3. The lithographic apparatus of claim 2, wherein each of the compensation gains is based

on a transfer function of a force signal to a resulting position error of the target portion.
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an illumnation systemconfigured to condition a radiation beam a
patterni ng device capable of inparting the radiation beamwth a pattern in
its cross-section to forma patterned radiati on beam a substrate support
constructed to hold a substrate; a projection systemconfigured to project
the patterned radi ati on beamonto a target portion of the substrate; and a
position control systemconfigured to control a position of the target
portion of the substrate, the position control system conprising a
positi on neasurenent systemconfigured to determ ne a position of a sensor
or sensor target on the substrate support, a controller configured to
provi de a,cont -S| . . i . i Lo . portion
and the dgtern?ﬁ%gégg%?#f%ﬁ&ﬁgﬁg&%ﬂgggg‘ﬁ%ﬁ%gg%?%?@%¥§£g%%$§8@?g%8?o act on
t he subst cahprises ppdation betveseaiarforich exgted ichitlensuboindte alppsit ahdaresoltipg dfserme
stiffness, conpensation nndfl of the_subatrahe su&gort, t he stiffness
conpensat PORCHOHRISIQRASTOr OF 1hg 85t PEiansnd Boriiden c1or qfgheengor oF seodareche
substrate support and a resulting position error of the target portion, the
position control systemconfigured to substantially correct at |east during
proj ecti oh of Thelithpgraphic apphratasiefatdiond, ydwmio thetstifinesacgapepetion modelt he
position of the target portion using the ti.ffness. co sat.i on _nodel , 2.
The 11 nograties S Trof Fonised i s fOpn ity PFASLPRT PhE S isanasich on
nodel  CogmRhicsMPerdBfoPEaifBEiAg AEFTRRAS dhiaQBlalch P&weeH a for®d diE hid/a Rsulting
positions of the substrate support, each conpensation gain being dependent
on a rel afiffgrenpeinpsition efror efthe fageri podion aad peesition agor qum $6n80T QFSeFeT of t he
t ar get po&%%?n. 3. The lithographic apparatus of claim2, wherein each of

t he conpensation gains is based on a transfer function of a force signal
to a resulting position error of the target portion. 21 4. The |ithographic

apparatus_of claim1l, wherein the stiffness. conpensation nodel _co_rrg:;i ses a
rel ati on Het webls lghegmaphic eparatespishime wheisiy sagh af the sorpensafinn gainsds based ng

di ff er enc, , transfer function of a force signal to a resulting difference between a position error of the

target portion and a position error the sensor or sensor target.

7. The lithographic apparatué of claim 2, wherein the stiffness compensation model
comprises compensation gains based on force signals in six degrees of freedom to resulting
position changes of the target portion in six degrees of freedom for each of the plurality of

positions of the substrate support.

8. The lithographic apparatus of claim 2, wherein the plurality of positions of the target

portion extend in two degrees of freedom.

0. The lithographic apparatus of claim 2, wherein the controller comprises a feed-forward
device, the stiffness compensation model being part of the feed-forward device, the
feed-forward device being configured to provide a feed-forward signal by feeding a force

signal or equivalent thereof to the stiffness compensation model.

10.  The lithographic apparatus of claim 1, wherein the stiffness compensation model is

arranged in a feedback loop of the controller.
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between a position error of the target portion and a position error of the
sensor or sensor target. 5. The lithographic apparatus of claim4, wherein
the stiffness conpensation nodel conprises one or nore conpensati on gains
for a plurality of positions of the substrate support, each conpensation
gai n bei ng dependent on a relation between a force signal and a resulting
difference in position error of the target portion and a position error of
the sensor or sensor target. 6. The |ithographic apparatus of claimb5,
wherein each of the conpensation gains is based on a transfer function of
a force signal to a resulting difference between a position error of the
target poili onThatthaghpsic hb?}ﬂatﬁﬁ 6D¢laibB, vRRAGER thestifBERIDMpbAagek model idhe

| it hographi c apparatus of claim 2, wherein the stiffness conpensati on nodel
conpri ses2&#HSa ik aeerabingtionnf ferdstonverd apd fecdbagkdaen of the cantioligegr ees of |
freedomto resulting position changes of the target portion in six degrees
of freedomfor each of the plurality of positions of the substrate
support. 82. Th&hé lithhgrgplaiphppgaratpped diivs],0fhetdiaiim stiffnedsenmipandatien plodelal i ty of
positions of the tar et Eortion exgﬁnd in_two degrees of freedom 9, The

| i t hogr apfiTEPTiGHAF pufatiog deyfosiconB UG iy cal 1ot 0 Jiy gapos fepsttions ofthe
feed-for WoT=S i Hp@ﬁﬁ | i part of the
feed-forﬁagtr%tg\%‘%{%ﬂg,ﬁ 1{1%2&?@%3{& flormfayﬁglﬁgggiéﬁd% ér%g%)t%?@é{i}géd to provide a
feed-forward signal by feeding a force signal or equivalent thereof to the
stiffness,conpensati on nodel . 10.. The [|ithographi c apparatus of claim 1,
wher el nt H ot TH MLRS AR SR BORRAR O plaiEide PP % s B RTT o s BOUSHLRSSp of
the contrgkdred exetéd Byt ond bthé bAdQGhSRMcRAMRPAN BE BibsRitetdbdd. M 1, wherein the
stiffness conpensation nodel is arranged in a conbination of feed-forward
and feedback | oop of the controller. 12. The |ithographi c apparatus of
claim1i, er ej I; C at kon. el I ion
Gevi ce confi gur G pERE R EROE W B e R RS B
subst r at ea fig@padctted on etsubditd tible Pk Bitdtrafe)bych ipefrdiorodsief the substrate
support. 13. The lithographic apparatus of claim1l, wherein one or nore
forces are representative of

15.  The lithographic apparatus of claim 1, wherein the position control system comprises a
filter device configured to obtain the required frequency content of the force signal before

feeding it into the stiffness compensation model.

16.  The lithographic apparatus of claim 1, wherein the stiffness compensation model is

determined using finite element modeling.

17. A position control system configured to control a location on a movable object, the
system comprising:

a position measurement system configured to determine a position of a sensor or sensor
target on the movable object;

a controller configured to provide a control signal based on a desired position of the
location on the movable object and the determined position;

one or more actuators configured to act on the movable object, and

a stifthess compensation model of the movable object, the stiffness compensation

model comprising a relation between a force exerted on the movable object and a resulting
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a force exerted by one of the one or nore actuators of the substrate table.
14. The lithographic apparatus of claim1, wherein one or nore forces are
representative of a force exerted on the substrate table or substrate by
an i mrersion device. 15. The lithographic apparatus of claim11, wherein the
position control systemconprises a filter device configured to obtain the
requi red frequency content of the force signal before feeding it into the
stiffness conpensation nodel. 16. The |ithographic apparatus of claim1,
wherein the stiffness conpensatjon el is determned using finite

el enent mBeRgHegror pf thedogation on dhe mgrablopbies)he RoBtint Fapirobsyst AR

| ocation efré: HRYAGSn BPIEGoqrib Bsin® iR EQ Wb SisAon AoRGS! 1 ON

measur enent systeém configured to determne a poSition of a sensor or sensor
target on the novabl e object; a controller configured to provide a control
si gnal bazgd on ﬁggesined osition of the |I|ocation on the novabl e object
and t he d&fer nf*ERCEIERNSE IRPAT2SOTHIISST e act uat ors configured to act on the
novabl e obj ect an ARhifathishtas TonEAFRLRS IR0 ARERAIR bhie movabl e obj ect,
the stiffness conpensation nodel conprising a relation between a force
exerted on thea pefteabbuppelijcensirugied tesuppotiiatnafgmimz3loyivsi the patieningdevee t he

| ocation Qn movabl e..obj ect . .t he sition control systemconfigured to
correct  Aebis D FREARRF okl {26 PATH kiR B0 P AT ET 500 ri R
model . 18radétioh bbagr aphi ¢ apparatus conprising: an illumnation system
configured to condition_a radiation beam a pattern support constructed to

support a pat t @Fubistige dpbls eanstreqied fodoles fibslatgevi ce  capabl e of inparting
Fadi at i on beart PSEABA Ry Rbnl Bl f pidiSes HRREREE Hich bl A o1 nec
pr oj ect i oporys bEthe sdntriaguaeld t o project the patterned radi ati on beamonto a
target porti Oa? p(:ﬁjsgti(}nhc%ngro s%gt%g{[ c%;nﬁglrl]red to control a pattern position of the patterning
device, the position control system comprising
a position measurement system configured to determine a position of a sensor
or sensor target on the pattern support,
a controller configured to provide a control signal based on a desired position of
the pattern position and the determined position, and
one or more actuators configured to act on the pattern support,
wherein the position control system comprises a stiffness compensation model
of the pattern support, the stiffness compensation model comprising a relation between a force
exerted on the pattern support and a resulting position error of the pattern position, the position
control system configured to substantially correct at least during imparting the radiation beam

with a pattern, the position of the pattern position using the stiffness compensation model.

19.  The lithographic apparatus of claim 18, wherein the stiffness compensation model
comprises one or more compensation gains for a plurality of positions of the pattern device
support, each compensation gain being dependent on a relation between a force signal and a

resulting position error of the pattern position.

24




a position control systemconfigured to control a pattern position of the
patterning device, the position control system conprising a position
measur enent system configured to determ ne a position of a sensor or
sensor target on the pattern support, a controller configured to provide a
control signal based on a desired position of the pattern position and the
determ ned position, and one or nore actuators configured to act on the
pattern support, wherein the position control systemconprises a stiffness

conpensation nodel.,  of the pattern support, the stiffness conpensation
model comgPi si A§e Hthographicsppyansaksaigl %w@@revéﬁ@i%heowmmasaaamg@mﬁ S5upport

and a resyld| e [t i o lifideP8ror bPtheDérh bO8tion.
cont ol syarao abapiitl SR Ta ke S 87} RURnR B3 GPRror ol Rt patlion
inparting the radiation beam with a pattern, the position of the pattern

iti ing the stiff . sat | del .. 19, The |ith hi
ppar at usJbt | CPPREbIorHBFARE § ReP G 11741as: RulipBACaT R OB S Bh i ses

one or NDEELERRREFAL HRNagedl firtidOfo 1R iRhMARH With HfatleARH bbAR of Aliatibe, Aat tern
devi ce support, each conpensati on gain bei ng dependent on a rel ation

bet ween anfeiodeonipgrial camerting pogidon efrorg op heitatigelpostionothe gprreduiag pealuding
position. 24 2Q. The. lithographic a r. at of claiml rein each of
Phe. conpensat | Sicmiiting 12e YEBRR rABRRG R ol Rs Frellofthe MGHE RuBBE 00

to a resuhid/adheossirhien error of the pattern position. 21. A method for
controlling a ggsjtion of a target}portion of a substrate sugported on a
substrat e supptedingthrforogsigaels o stifdiess epnprensationanedebefl the supsEats sYRnSFt G
beam of r gdi-at i . | SLhg: car [ i1 f the
et podlis! Qe dFn IEIAD RN S oR bRk ISR 0RO L

r epr esent aippust and a taulting pexieivh egoost thhrgtipsitioaf sidsupport  and/ or the
substrate, feeding the force signals to a, stiffness conpensat.i on nodel of
the substrate $YRHArQUIPHREhesHITRYSH cUBPLSHHANTR ql%ﬁ%ﬁ@ﬂ%@&ﬁﬂ?@ &y ofthe
relation Qﬁ%¥F&% g force exerted on the substrate support and a resulting
position erto o? the target portion; and using an output of the stiffness
conpensati on nodel for correcting position errors of the

22. A calibration method for determining a stiffness compensation model of a substrate
support in a lithographic apparatus, the substrate support configured to hold a substrate that
includes a target portion, the stiffness compensation model comprising a relation between a
force exerted on the substrate support and a resulting position error of the target portion, the
method comprising:

exerting for each of a plurality of positions of the substrate support a plurality of
disturbance forces on the substrate support,

determining a frequency response function between the disturbance forces and a
resulting change in position of the target portion; and

generating for each of the plurality of positions a compensation gain matrix, each

compensation gain matrix dependent on the position of the substrate support.

23.  The method of claim 22, wherein the generating comprises compensating for missing

position signals by fitting a transfer function for the missing position signals.
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target portion. 22. A calibration nethod for determ ning a stiffness
conpensati on nodel of a substrate support in a lithographic apparatus, the
substrate support configured to hold a substrate that includes a target
portion, the stiffness conpensation nodel conprising a relation between a
force exerted on the substrate support and a resulting position error of
the target portion, the mnethod conprising: exerting for each of a
plurality of positions of the substrate support a plurality of disturbance
forces on_the bstrate suppqrt, determ ning _a frequency response function
botween t A& di I0EMSHOOr FBIE 3¢ whon the BEtpy fHECE FRIPRFSSS ACtHBRINEON of t he
target poghhpdhsafiifoeRaiRbd RY pbQlioRAtIhOdubtiife mryﬂaﬁ*bb&&éegfthegqgeahw&s a
conpensation galn natrix, eac conpensation galn matrix dependent on the
posi ti on pésititre of tisstubsttate spppo by int@Poelaline met hod of claim 22, wherein the
generating conprises conpensating for mssing position signals by fitting
a transfer function for the mssing position signals. 25 24. The net hod of
claim 22, wherein the nmethod further conprises determ ning conpensation
gain matrices for positions of the substrate support between the plurality
of positions of the substrate support by interpolation. 26
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