LI THOGRAPHI C APPARATUS AND DEVI CE MANUFACTURI NG METHOD BACKGROUND Fiel d

[ 0001] The present invention relates to a control systemto control a
position or position related quantity such as velocity or accel eration of
an object, a lithographic apparatus including a control systemand a

nmet hod for increasing the bandw dth of a position control system
Description of the Related Art [0002] A lithographic apparatus is a machine
that applies a desired pattern onto a substrate, usually onto a target
portion of [reGURAPHICEA PPARATOYANIY DEVARNONB{ NS FAATIRING METHED
exanple, in the manufacture of integrated circuits (I1Cs). In such a case, a
patterning device, which is alternatively referred to as a mask or a
reticle, may be used to generate j j attern to be formed on an

i ndi vidual |ayer of the IC. This %%N@%@%E%Eﬁﬁbe transferred onto a target
portion (e.g. including part of, one, or several dies) on a substrate (e.qg.
a silicon_wafer). Transfer of the pattern is typically via inmging onto a
| ayer of F¥¥# ation-sensitive material (resist) provided on the substrate.
In general, a g Il i =Te t ar get
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irradiated by exposing an entire patter to the target portion at once,
and- so- caMeEruCARNEPS % RIO\pien BaaieirbRt et ng iy BodhtPit ed by
scanni ng b&ﬁhgg&%gﬁnﬂggﬁpugh a radiation beamin a given direction (the
"scanni ng'-direction) while synchronously scanning the substrate parallel
or anti-parallel to this direction. It is also possible to transfer the
pattern fromihe terni evice to the substrate by inprinting the
pattern ohf%*“ﬁ@“éﬁgéﬁﬁﬁgggg? 003] In the known |ithographic apparatus,

control syst e”ﬁo@Z]eAllﬁlﬂjéréﬁhid:@@bfaﬁis i§ RehacRias tHat SpliRE a@esielipafierh®nat £d
guantities such as velocity or acceleration of -an object. Such a control

syst em nespbiEategetalbonontarast petien pbidie svisiratst Adithrsyanbi canppijagiscanbe pedi gh
accuracy, g, fa:?é@ne@ Bsh ?}E‘ecﬁaﬁd}?gﬁr% rf‘f‘ eSSl ArcEUTIEN Blsudh $EREH fliRriprort or

a patterning I’ce ‘'suppor
device, which is alternatively referred to as a mask or a reticle, may be used to generate a

circuit pattern to be formed on an individual layer of the IC. This pattern can be transferred
onto a target portion (e.g. including part of, one, or several dies) on a substrate (e.g. a silicon
wafer). Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive
material (resist) provided on the substrate. In general, a single substrate will contain a
network of 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 cach 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-paraliel to this direction. It is also possible to transfer the pattern frorﬁ the
patterning device to the substrate by imprinting the pattern onto the substrate.

[0003] In the known lithographic apparatus, control systems are used to control the
position or position related quantities such as velocity or acceleration of an object. Such a
control system may be used to control the position of a movable object with high accuracy,

for instance the servo control system of a substrate support or a patterning device support.




Simlarly, a control systemmay be used to control the velocity or the
accel eration of the object. Because velocity, acceleration and position of
an object are closely related, velocity being the time integral of

accel eration and position being the tinme integral of velocity, all three -
can be regarded as position related quantities of the object. For that
reason, the term “position control' nmay al so be used for cases where

vel ocity or acceleration or other position related quantities are the
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lithographic apparatus, movements of the projection system may occur. In order to suppress

these movements it has been proposed to provide an active damping system to minimize

movements, velocities, and/or accelerations of the projection system. _

[0006] A known embodiment of such control system includes an acceleration sensor
to measure accelerations of the object, a controller to provide a control signal on the basis of
the measured acceleration and an actuator to provide a reaction force to counteract the
acceleration and therewith the movement-of-the-object. The actuator is connected to the
object and to a reaction mass. In a known embodiment, the mass is a free mass which means
that it is only connected to the actuator. As a result, the reaction force is not exerted on for
instance a frame. Alternatively, the reaction force could be exerted on a reaction frame or
the like. |

[0007] A drawback of the known embodiment is that the control system may easily
become unstable as for higher frequencies the gain of the transfer function of the system

may increase while the phase crosses -180 degrees. The increasing gain is for instance a

result of lens elements which are mounted with limited stiffness in the projection system,




may increase while the phase crosses -180 degrees. The increasing gain is
for instance a result of lens elenments which are nounted with [imted
stiffness in the projection system 2 and beconme decoupl ed fromthe housing
for frequencies above its resonance frequency. Applying the sane force at
a higher frequency therefore |eads to a higher acceleration, because |ess
mass i s actuated when | ens el enents are decoupled. Therefore, the gain may
i ncrease for higher frequencies. The conbinati on of high or even increasing
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for controlling a position or position related quantity of an object,
i ncl udi ngobta surenment system configured to measure a position or -

position rel at FO%O&]U égigelretll}/y, %fis }10 edecs)i? cF t%tincrgase the bandwidth of a position control
system, the bandwidth being defined as the first frequency where the gain of the open loop
transfer function drops below one (0 dB). At the same time it is desired to have a stable

system.

SUMMARY

[0010] It is desirable to provide a stable control system to control a position or
position-related quantity such as velocity or acceleration of an object, in particular a stable
active damping system. Furthermore, it is desirable to provide a stable system preferably
having an optimal bandwidth.

[0011] According to an aspect of the invention, there is provided a control system
for controlling a position or position related quantity of an object, including a measurement
system configured to measure a position or position related quantity of the object, a

. controller configured to provide a control signal on the basis of the measured position or




controller configured to provide a control signal on the basis of the
nmeasured position or 3 position related quantity, and an actuator
configured to actuate the object on the basis of the control signal,
wherein the control systemfurther includes at |east one filter unit
configured to filter the neasured position or position related quantity,
wherein the at |east one filter unit is a partial order filter unit.

[ 0012] According to an aspect of the invention, there is provided a
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[0014] According to an aspect of the invention, there is provided a device
manufacturing method including patterning a beam of radiation to form a patterned beam of
radiation; projecting the patterned beam of radiation onto a target portion of a substrate with
a projection system; and controlling a position or position related quantity of the projection
system, the controlling comprising measuring the position or position related quantity of the
projection system; providing a control signal based on the measured position or position
related quantity; exerting a force on the projection system based on the control signal, and
filtering a signal associated with the measured position or position related quantity, wherein

the filter unit is a partial order filter unit.

[0015] According to another aspect of the invention, there is provided a control
system for controlling a position or position related quantity of an object, including a
measurement system configured to measure a position or position related quantity of the
object; a controller configured to provide a control signal based on the measured position or

position related quantity; an actuator configured to actuate the object based on the control




system for controlling a position or position related quantity of an

obj ect, including a neasurenent systemconfigured to neasure a position or
position related quantity of the object; a controller configured to
provi de a control signal based on the neasured position or position

rel ated quantity; an actuator configured to actuate the object based on the
control 4 signal, and a filter unit configured to filter a signa

associated with the nmeasured position or position related quantity,
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OF THE DRAW NGS [ 0016] Enbodi nents of the invention w ||l now be descri bed,

by way of pest@erptebatedoquiaptitywivhéreinghe fiberomit i aphiaherdonflégrypinitg schemati c
drawi ngs i n which corresponding reference synbols indicate correspondi ng
parts, and in which: [0017] Figure 1 depicts a |ithographic apparatus
according to an enbodi nent of the invention; [0018] Figure 2 depicts a
projection systemand an active danpi ng system according to an enbodi nent
of the invention; [0019] Figure 3 depicts a Bode plot of the transfer

functi on between act uat r ﬁqgkqﬁﬁ%' ‘fﬁi e projection system
of Figure 2; [0020] Fig&#gkﬁIgﬁ%ygﬁng Bode ' p %gﬂb (%2 open | oop of the
prior art active danping system and projection systemof Figure 2; [0021]

Figure 5 depicts a Bode plot of half order filter approxi mated by rational
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[0018] Figure 2 depicts a projection system and an active damping system
according to an embodiment of the invention;
[0019] Figure 3 depicts a Bode plot of the transfer function between actuator force
and acceleration of the projection system of Figure 2;
[0020] Figure 4 depicts a Bode plot of the open loop of the prior art active damping
~ system and projection system of Figure 2;
[0021] Figure 5 depicts a Bode plot of half order filter approximated by rational
transfer functions of different orders;
[0022] Figure 6 depicts a Bode plot of low pass filters of first order, half order and
2/3 order; and
[0023] Figure 7 depicts a Bode plot showing the results of the application of a partial

order low-pass filter according to the present invention.
DETAILED DESCRIPTION
[0024] 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




IL configured to condition a radiation beamB (e.g. WV radiation or any
other suitable 5 radiation), a support structure or pattern support or
support (e.g. a nask table) MI constructed to support a patterning device
(e.g. a nmask) 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 wafer
table) W or "substrate support" constructed to hold a substrate (e.g. a
resi st - coaddedionRfa@uppoly anmdiurs eNpeehLphbert 8r §§H6A de. pashbikanblepmdevi ce PW
configured to accurately position the substrate in accordance with certain
par anet er §onsfiieted gpaipaet 6 Priternngdeyise (uglasmeskp Mo} aed samedodtoeiitst e, g. a
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vacuum electrostatic ‘or other clanping techniques to hold the patterning
devi ce. Thersdippefthesubsicte/™e nay be a frame or a table, for exanple,
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inpart a “adi ation beamwith a pattern in its cross-section so as to
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on the orientation of the patterning device, the design of the lithographic apparatus, and
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other conditions, such as for example whether or not the patterning device is held in a
vacuum environment. The support structure can use mechanical, vacuum, electrostatic or
other clamping techniques to hold the patterning device. The support structure may be a
frame or a table, for example, which may be fixed or movable as required. The support
structure may ensure that the patterning device is at a desired position, for example with
respect to the projection system. Any use of the terms “reticle” or “mask” herein may be
considered synonymous with the more general term “patterning device.”

[0027] The term “patterning device” used herein should be broadly interpreted as
referring to any device that can be used to impart a radiation beam with a patiern 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 correspoﬁd to the desired
pattern 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




that the pattern inparted to the radiati on beam may not exactly correspond
to the desired pattern in the target portion of the substrate, for exanple
if the pattern includes phase-shifting features or so called assi st
features. Generally, the pattern inparted to the 6 radiati on beamw ||
correspond to a particular functional layer in a device being created in
the target portion, such as an integrated circuit. [0028] The patterning
device may be transm ssive or reflective. Exanples of patterning devices
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be considered as synonymous with the more general term “projection system”.

[0030] As here depicted, the apparatus is of a transmissive type (e.g. employing a
transmissive mask). Altemétively, 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).

[0031] 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 preparatory steps may be carried out on one or more tables or supports while one or more
other tables or supports are being used for exposure.

[0032] 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




[0032] The |ithographic apparatus nmay al so be of a type wherein at |east a
portion of the substrate may be covered by a liquid having a rel atively
high refractive index, e.g. water, so as to fill a space between the

proj ection systemand the substrate. An imrersion liquid nay also be
applied to other spaces in the |lithographic apparatus, for exanple, between
the nmask and the projection system |nmersion techniques can be used to

i ncrease the nunerical aperture of projection systens. The term "i mmersion"
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[0033] Referring to Figure 1, the illumnator IL receives a radiation beam
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such cases, the source is not considered tg formpart of the |ithographic

appar at us rhionsevica §0at herruseanditee ihegarhie rppAratHemay b P eiges fer
11U Dt Qardbie W i \Bufteds A RiREANAh WA s B-QBUED 0 kitidifed 0!

exanple, 'suitable directing mrrors and/or a beam expan I'n other cases
t he sour céommayarte thenlithb giaplyc appapatng amifthe teelidtion hogn apfrsseddppathetsasice SOx

exanpl e when the source | rcu I . The squr.c O and the
T TP rat 6 e SR EAE FloPithithsAt RES BEAh ADieny e BLL BB BT ey d, may
be referregidf dfecBng A&S 8M0SY BELMx 08341 Hh& daldsWiE PatRmdylbdmy | ncl ude

an adjuster AD configured to adjust the angular intensity distribution of
t he radi aintegralqeamf tiGelitbogriaplic appardtes dor exhmpbuviken thespugee is gmegreury dainp|

extent (c nl ferred,to.as a-out an 7-inner.. respectiwyely) of the
Tt ensi ty TR B0 eRo i i Bk ha B 0f re AR RER R RR BE

adj ust ed. rdqirasldhdyi W Tcfdie b hd MFinEbEEystdrk, maY incl ude vari ous ot her
conponents, such as an integrator IN and a condenser CO The _ill um nator

may be used tol®3AHThe Blumindor Banay inshudp e afiusier ARvenfigeed ¢ st ormity
o | R A B B BRIy PR Tl bean
radial extent (commonly referred to as g-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 be used to condition the radiation beam, to have a desired uniformity and
intensity distribution in its cross-section.
[0035] The radiation beam B is incident on the patterning device (e.g., mask) MA,
which is held on the support structure (e.g., mask table) MT, and is patterned by the
patterning device. Having traversed the patterning device (e.g. mask) MA, the radiation
beam B passes through the projection system PS, which focuses the beam onto a target
portion C of the substrate W. With the aid of the second positioning device PW and position
sensor IF (e.g. an interferometric device, linear encoder or capacitive sensor), the substrate
table WT can be moved accurately, e.g. so as to .position different target portions C in the
path of the radiation beam B. Similarly, the first positioning device PM and another position
sensor (which is not explicitly depicted in Figure 1) can be used to accurately position the
patterning device (e.g. mask) MA with respect to the path of the radiation beam B, e.g. after

mechanical retrieval from a mask library, or during a scan. In general, movement of the




which is held on the support structure (e.g., mask table) MI, and is
patterned by the patterning device. Having traversed the patterning device
(e.g. mask) MA, the radiation beam B passes through the projection system
PS, which focuses the beamonto a target portion C of the substrate W
Wth the aid of the second positioning device PWand position sensor IF
(e.g. an interferonetric device, |linear encoder or capacitive sensor), the
substrate table WI can be noved accurately, e.g. so as to position

di f ferent s§Ho@irubBfd (e QNask thblef O mEﬁB@re@IfizeHgﬁthﬁQ hidlor @b ledbkBmodule

Simlarly, the first positioning device PMand another position sensor
(whi ch i s{evetse@rplipaing) anddepipdstaké mogulg (ee positwamghevhicetbrmpagdod that el y

position th tt.ernin vice: (. 9. mask) ith.r to e .pat h of
Phe + ndi af T poR bR A% AT S BRI, BordRfitkr Mo bR e ok ke T oy
or duri ngsgpsaamaybd r@8a&Iding JTONESBRske Bédlldend shuRRAbke Bbdwlevwiieh oemg.
mask table) MI nay be realized with the aid of a |ong-stroke nodul e

(coarse pb&t of BRisprend aatitiones RYY-tIn dhe Greohbfapret (45i0RBOYSO49 & PEWNFIGTRe whi ch
f t ) SHOTTH ) I g
orm par sxgggﬁgﬁwﬁ%e:é}gs@gg ﬁb@i‘Mﬁ%Qgiél? ?&n%%d gd mﬂogﬁti%kg OGSy Sr the

substrate rate  sup e reallzed using a
| ong- st r okey e dintd Pandnmgsiboict fest. holkke) MvcindeubsniateC niayrbaalipacd usafg rhask

second pog&tione&@ﬁ%&g{q@&@gdc s&agéﬁa sgeppe égiqqgﬁﬁse& Eoﬁgﬁég%nner)

the suppbigg ret(es gl ﬁ§§ @@¥1WW“WQV C

short-str gl t HahQlas Mishate® Bccugﬁrlﬁe_@i%at%ji )fzﬁget pgﬂfotn?,rtﬂér%ﬂgrargﬁé’ eBcl® 9- mask)
S I t rks M,

MA and su rate Wmy be al 1 gned using mas al 1 gnne M2 and
subst r at esgkésghmteedn tamgetkriRins (B2se st kiowughs schibe-bub sligretent nwkksyrimerarlyar ks

as illustrated.occupy.dedicated target portio t he be .l qcated in
apaces herRi R SiTReE BE ook RS paRatod iR mutS e pa ARG R ent
mar ks) .  Siidsaidybe lotdledhdikadn tBO8ickh Which nore than one die is provided on
the mask MA, thé nask alignment marks nay be | ocated between the dies.

[0036] The depld@BedThpirpiciedappermiisdobld hegwer inrt asticag of therdellaying odes:
fol |l ow ng nodeg; 037],.1, In st e h [t.sth re.(e.,.g9. mask
" Vi or - et Posopster ok AR TR Ly hRu® PEE R i St s

table) MI or " ‘suppor rate rate

support” amppottemid @6 SeHitrh@lthblc WRbI 'BGOBStHatc supPort'ard Re@thschtlalpadthdnany, npar t ed
to the radiation beamis projected onto a target portion Cat one tine
(i.e. a sWhid¢ en enthye patteay mmtﬁeé;q the wedigtipndhenmy is prosgsted oo plarges gpdiop &

support” L& t}rﬂga.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 maximum size of the exposure field limits the size of the target portion C imaged
in a single static exposure.

[0038] 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 exposure). The velocity and direction of the substrate table WT or "substrate
support” relative to the support structure (e.g. mask table) MT or "mask 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.




shifted in the X and/or Y direction so that a different target portion C
can be exposed. In step node, the maxi mum size of the exposure field
limts the size of the target portion Cimaged in a single static
exposure. [0038] 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 radiation beamis
projected onto a target portion C (i.e. a single dynam c exposure). The
vel ocity and di#30] 50N Ofn 4fdehes HILI (RS SuphaR k@udWire 06.o RARIAIISNAT s URARGR! t "
relative to the support structure &S.g. mask table) "M or "nmask support”
my be dévRnof’ acerbyssentally gtatipnary miofdinga proarasmorbilempajenring devied, and the
charact eri_st.l fojection systemPS. 1n scan,nod t he maxi num
26 of o IR le W pRIhRE ROroR LS 5t o REPRIERE St iR

di r ect i on)hehdiatien bangRtpraeditd oo iaNar@etSoRgireC Ay NN ntode x@AsHAIle a polted eas the
| engt h of Eﬁg_scanning nmoti on determ nes the height (in the scanning

di r ect i onyaditiongaurcasgatploysd and e pregrimmabip patternirg dgyeaisrpieadas remaresuppor t
structure : W ol ept - ially
stationar?ﬁﬁg%ﬁ?%g§§n%?%g?§ﬁ%g%ﬁés%g??ﬁFﬁ?ngggégfggimgng}Fﬁ%%ﬁg%bstrate
tabl e W' euccésivestdiation muigpdatitig & scanoVkid naxde 9€ aperatibnndainlbe readilgtapplied to
inparted to ., the radiation heamis projected onto a target portion C In
this mode mgdRSIEEARRY St sBlEes piarp e SetrRB e ienhdyasd PR pREble

pr ogr ammeligoPatdrRidieE Ae¥ched kayspdat ed as required after each nmovement
of the substrate’table WI or "substrate support” or in between successive

radi ati on pul sH¥48LEPmbinatisrseand/of Wagativnel en dfe abpee descobedcanddsef neadi | y
applied tao .. maskl.ess 1ithography th utilizes progranmmabl e patterning
devi ce, sﬁgﬁg§§§%a§W65?%ﬁﬁgBﬁgnXﬁwfgé?mﬁ??& ‘of a type as referred to
above. [0040] [oakj pigmeomloa@%qmmmﬁﬁgmteaﬂ1 bhifiaRMS cHfpdthded nodes
of use or entirely different nodes of use nay al so be enpl oyed. [0041]

Fi gure 2 seledisy ofrt ieiertian syaiepi hd heylsmpingeyisafl iigproiflet ¢o wémimiasi the he
vel oot OhodoBhE ey YL o TR DM IR S SoRRREHRS 40
the proj estbistantislysd@ivndry position. External influences, such as air flows and vibrations, for
instance caused by movements of the patterning device support or substrate support, may
excite the projection system 2. However, it is desirable that the projection system 2 be held
in a substantially stationary position, since movements of the projection system 2 may cause
imaging errors, such as focus and/or misalignment errors. To minimize movements of the
projection system 2 the active damping system 1 is provided.
[0042] The active damping system 1 includes an acceleration sensor 3, a controller
unit 4 and an actuator 5.
[0043] The acceleration sensor 3 is configured to measure accelerations of the
projection system 2 in at least one direction. The controller unit 4 is configured to provide a
control signal on the basis of the measured acceleration. The control signal is fed to an
actuator 4 which exerts a force on the projection system 2 in a direction opposite to the
external disturbance force to damp out any movements excited by the disturbance force.

[0044] The active damping device 1 as shown in Figure 2 only provides damping in

a single direction. When desired it may be possible to provide a damping device configured
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substantially stationary position. External influences, such as air flows
and vibrations, for instance caused by novenents of the patterning device
support or substrate support, may excite the projection system 2. However,
it is desirable that the projection system2 be held in a substantially
stationary position, since novenents of the projection system2 nmay cause

i magi ng errors, such as focus and/or m salignnment errors. To mnimze
novenents of the projection system2 the active danping systeml| is

provi ded. tf 8042 hoTdBe@Eini tWe of IR AkcAYSFB %XOIVT(H% hWeesmdft R ElRILOMn
sensor 3, a controller unit 4 and an actu . [0043] The accel eration

sensor 3 idgmponf ingueraehts i tweas urose dicensions.at i ons of the projection system 2

in at | east on i tion., The ontrol uni.t s confi red to vide a
bontrol Cor unal Tt 76 alfife SRS BLAE buiftibn Syt R RUEMRES chine?

signal istd @doﬁr@eraaﬁhss 8CH/Hizh & orfly Wb AK @ hsnedtell 86 R aethatodeAPA REEIEhON
system2 in a direction opposite to the external disturbance force to danmp

out any n@vé@ﬁéh@aél kY presfemporapeiogios rod b@ﬁ@@apmtc,fercq dbumyerTRerasenty e
|
danpi ng d%’ljc eSI r g%%?ésﬂeg o) ﬁleﬁao PX c?ﬁtpo\f' gs?iéragsa(gmg ﬂged. 0r d%le@%lgg e

direction. e po St D 0 pr anpi ng
confi gur edfmﬂaeerhmtdamie @mjﬁjﬂieﬁtsﬁstfbrﬂ 21 Whemntivady, eheliea &iini foreds aiaybe provi de
two or nore anp ng devi ces out novenents in t

direct i onér?m P ofher paigs ¢f tia%lhibpa@ph@@e%a% Torigsiapes %@D mgﬁﬂg&{;gf@w t he

act uat or Eﬁo&@%&ﬁﬁ ahgﬁqmggynter mass 6, which is only nechanically
connected to the a ua or. As a result, the actuator can only exert

t enporary for cE¥4ahth the 1rpeu0rwﬁdwthofus1mgé73)f tidoprejeetion geteumhemhmbéxmfders are
normal |y not desired when osi tion ontrol nL use d for
darping” GERES AR ROty HESHRE; Herron Qs e aus M s |

reaction hOIHRS7. MkyDanitéd ﬁﬂﬁlfe?sr afc%dasta% HEQ@’Ot Bﬁ:’iéa%m%ffrehﬁ&lcllést ﬂﬁ@%n@ph' c
apparatus, for instance a frane, ﬁ | ow exerting pernanent

forces. | d@m@}ﬁs impytheeorng degoupled cﬁfont ﬂn@ hh@eusg ?Lgn pa@fculah ebpredherss¢mncsyst em 2
ot 07 TS TR ISR 570 SFHETRA 1B 2ot o
acts as ab&peéfpredid redittifafaleratio® Bienel Lis el yliRGeds@ilSgain, i.e. the
acceleration becomes higher when the same force, but at higher frequencies is applied.
[0047] Figure 3 shows a typical schematic Bode plot of the transfer between force
and acceleration of this system. The transfer function from force to acceleration typically
consists of a series of anti-resonance/resonance combinations, with a phase switching
between 0 and +180 degrees, as can be seen in Figure 3. Furthermore, the Bode plot shows
an increasing gain for higher frequencies as mass of the lens elements 8 decouples from the
system. |
[0048] To centrol the movements of this system, a controller unit 4 is provided
having an integrator behavior (K/s). In alternative embodiments, other suitable types of
controllers may also be applied. ‘
[0049] A schematic open loop Bode plot of this control system is shown in Figure 4.
It can be seen that the system may becomé unstable. Generally, the amplitude becomes
linearly smaller for higher frequencies, while the phase shifts between -90 and +90 degrees.
However, at some point the phase will cross -180 degrees, for instance because of an

internal resonance, in the present case at 8 kHz. Since the amplitude of the transfer function
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el ements nmay becone decoupled fromthe housing 7, in particular above the
resonance frequency with which the elenent is nounted to housing 7. As a
consequence, the relation between force and resulting acceleration has a-
relatively increasing gain, i.e. the acceleration beconmes higher when the
sane force, but at higher frequencies is applied. [0047] Figure 3 shows a
typi cal schematic Bode plot of the transfer between force and acceleration
of this system The transfer function fromforce to acceleration typically

consi sts @fmaAn$Rich ¢ }ﬁélae% ?fg%éngﬁg’% MEEMRTIRIERs QAHBIHR WD 'Zléaou‘ﬁdéet flord phase

switching between 0 an egrees, as can be seen in Figure

Fur t her nottles hauliag Bothetapility mehoweir astheiphaseeasisapthg al 89 degreehvgHe thef r equenci es
as nmass of tﬁﬁ\?' enlﬁ e;,@ge%tq% 8 decouples fromthe system [0048] To
control tAEPHOVERERIES" ¥ 1l system a controller unit 4 is provided

havi ng an i nt egses0p Hobehay hdtherleltShany peakh bigsveahé ¢ @B INTERE Sossidldrer
suitable types of controllers may al so _be applied. f0049] A schematic open
| oop Bode iigrasuces figshprderignrnass fikgrsasemeh §1t@qwﬁﬁnﬁr@flur=ﬁ g Aearies exjrg phasg lage seen

that the le.. r.ahl i
l'inearly é@kﬁé&ﬂéﬁﬁ?&ﬁeﬁb elgé&?‘? g%lggﬁréfl%?&%\?/ﬁﬁcén{sﬁgg%ﬁ%a%(laléﬁscﬁ';iﬂlg ﬁggtg? V\(g)en -90
and +90 dégpheAs a resutlyshe e¢spltinp sgem npyi siill Heh@stables@envrdlly, @mogsbekBY degr ees,

for instanc ecause of an nternal resgnance, in the present case at 8
kHz. Sinc lftelﬁ@t SrRYEP {RRssibe PRI DAHRISFTRCRT o fFMANE SiRATLO PSYH %o

hi gher frgguaped i : ' le f
I gher r%&%ﬁ?%ﬁﬁngﬁ?i{éﬁﬁt BRRS16W. %érsggiétlefﬂghﬁlﬁ%ﬂﬁﬂﬁﬁgﬁaﬂﬂs'tdbléjs%f%ﬁp e from

the housing 6, i Ity may occ ase crosses the ™~ 180 degrees
whil e the anpli0SiHacceadingtgar erhbahmentdBthd B660] inHmteugt is pagpasektoapplye many

ow pass. FPPEArorgCileren o Ao Seieadae G100 Hegrae s et prradie | ag
at hi gher witheaUBREHIES a tllat R Jhie: Batk And MercwiGt ARGEnAbn hRaHIE SagenRVer
frequency will still be too hi?h As a result, the resulting s%/stem may

still be unstaHl082] Eeriastandeya half-orday filier ey yrovidie pphaseishifoef GipeAS degreessi bl e
for the aboyve d [ tive d ' St em. t sitiop.a - of f
1 equoncy 0« RO gLy Sy 08P nebfe BT PR pRt Gt it BBk bR ey
system  some gain attenuation is desired, but there is no possibility to introduce a first order filter as
o0 degrees phase shift would result in an unstable system.
[0053] A practical application of a half order filter unit will now be described. A

first-order low-pass filter can be described as:

His)=—2
s+,

A half-order low-pass filter then has the transfer function:

Vo,
s+ o,

However, every known implementation only is capable of using polynomials in s with

H(s)=

integer coefficients.

[0054] It is desired to approximate H(s) by a filter with only integer powers of s,

because this is desired for actual implementation of the filter. To do this, Js is
approximated by a transfer function in s having integer powers of s only. A possible method

is the “Newton’s Iteration”, that is described in: “Weisstein, Eric W. "Newton’s Iteration™
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[ 0051] According to an enbodi nent of the present invention, it is proposed
to apply a partial order filter so that, at a desired frequency, the gain
of the system nay be decreased w thout obtaining a too | arge phase shift
and therewith obtaining an unstable system [0052] For instance, a
hal f-order filter may provide a phase shift of 0O to -45 degrees and a gain
sl ope of -10 dB per decade. Such partial order filter may provide a
sol uti on when sonme gain attenuation is desired, but there is no
possi bi |'i Yo MdivordUsewdiddd Sfehafdehircbi | ter as 90 degrees phase shift
woul d result in an unstable system [0053] A practical application of a
hal f or dehtthi/imathrwaerkl. woliiaitl.comgiWeyeordberatiotbktithi”. A first-order | ow pass
filter can be described as: H(s) = 00 s+u)o A half-order |owpass filter
then has the transfer function: wo H(s) s+nb However, every known
i mpl enment ek Qi R dbsérSed@palsl e of using polynomials ins with integer
coefficients. [0054] It is desired to approximte H(s) by a filter with
only integer po s, 20f sé this is desired for actual
i mpl ement %?Télg’gfeht%e_fisdfl?g?&%%_dp-thi s, Jis approximated by a transfer
function in s having integer powers of s only. A possible nethod_ is the
" Newt on' s Notiepasidstermine an an gergésepiopess, yrfakingiegwiver s tEraverage of Nedtdon' s
Iteration” 12 From Mat hWorl d--A Wl fram Wb Resource.
http: // mathwor | d. wol fram com/ Newt onsl teration.htm". Here, it was observed
that if x=*-\fs , then xz =s and hence x=s . X Now, x is determned in
an iterative procesls[ by tjaki ng the new x as the average of x and s

S
X, +—

X, ==
k+1
2 X,

For example, if a start value x, =1 is selected, then x, = %(s +1), which is a first

approximation of Js.

o s’ +65+1 s* +28s% +70s* +28s5+1
Next approximations would be, x, = ————, x, = 5 , etc.
4(s+1) 8(s+1)(s + 65 +1)
2 2
Note thatif x, = p(s) ,then x,,, = p ) ts g7 (s) , allowing to calculate approximations
q(s) 2p(s)q(s)

of \s with increasing accuracy. Hence, a transfer function containing numerator and
denominator polynomials in s arises that includes a number of iterations to obtain an

approximation of Js.

[0055] When inspecting the transfer function that results from the above procedure,

and using it as a half-order integrator X/— , it can be observed that indeed a -¥2 slope occurs,
A .

with a phase of -45 degrees. The approximation is correct for a range centered around 1
rad/s (0.16 Hz), e.g. from 0.03 to 30 rad/s (0.005 to 5 Hz).

[0056] However, in the application as active damping system for a projection
system, a higher frequency range is of interest (e.g. 10 to 10000 rad/s). In this case a better
approximation may be obtained by multiplying all poles and zeros in the approximating

transfer function by a large number, for example by 3000, which effectively shifts the center
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X xk+1 = 2 (Xk + S k For exanple, if a start value xp =1 is selected, then
X, _ (s +1), which is a first approxinmation of ' . s2+6s+1
s4+28s3+70s2+28s+1 Next approxi mati ons would be, xz =, x3 etc. 4(s+1)
8(s+l Xsz+6s+1 z z Note that if xk = p(s) , then xkt T (s) +s g (s)
allowing to cal cul ate approxi mations q(s) 2p(s)q(s) of -\rs with

i ncreasi ng accuracy. Hence, a transfer function containing nunerator and
denom nator polynomals in s arises that includes a nunber of iterations to

obtain an Q{?&E%foﬁﬁ& bv?fbh%c tablé&ﬂéébré% fhdns PRI tegob@ﬁdﬁsr(am&ﬁb 16

function t results romt above procedure, and using it

hal f - or demzitht50Q Hay. Notd that the réshltﬁ@rﬁlé%estﬂb raﬁﬁlatelaaf Im@@awely %taﬁl ope
occurs, Y5 with a phase of -45 degrees. The approximtion is correct for a
r ange c e ntvelue dthar thandintthe iterdfion (10ck6 ccHzl91 be ehagenfIt was chsodyed thagthereslting( 0. 005

to 005 However the a on _as acti.\yv stemfor a
pr 01 ect i orﬁ te‘é‘ﬁ‘fﬁﬁ%ﬁ]‘” aﬁc?ﬁt%%Ee}faV@&ﬁ%ﬁggafea#ﬁége?? gpal; tﬂ?lée lgeg%o(ngeétaéy A&t o
10000 rad/s). Fﬂostirmoc@%ﬁ approfint8ion oRRRAIO ¥Rt QRatEBY adEo0Rt Bb BRAthY

mul tiplying al es and zeros in the approxi mating transfer function by
a | ar ge nuatferder fotw p&x ditet, 6/ Dys 13p1a6:d byhi/ch cef, bertdthelwordhill pelet el wemst er 13
frequency around whi ch acceptabl e behavior occurs from1l rad/s to 3000

rad/s (or offhgri])}g)ro%l@natl'dﬁ o Q/ o0 shlided oDt £dikRde L BE if BRULAIARIThE FdsBlkingt i | |

appr oxi mat es Al'ternatively, a start value other that 1 in the iferation

process CB@HQFIBEfo@ IRG @Pudati bnsFshoypeixvaslidhh@adin@eo figtsslof tHedrddri2l 4,68 andi | |
show acce t abl e behavior around the frequency equal to the iteration start

val ue. [ 0067ESPagbiel) asrshappripkigyee 1. diis droven thal avemn insy-order srpraiBtioneé s hown.

To cr eat eox%er filter, n=2) is relatively accurate and can be used as a partial order filter.

[0058] In an alternative embodiment filter units of another partial order may be
applied. For instance, a higher roll-off can be obtained by using, e.g., a 2/3-order filter. This
would give an average phase shift of -60 degrees, which would still be feasible, since there

is still 30 degrees stability margin left when compared to a first order filter unit. F ollowing

2
. . . . 2 S )
the lines for the half-order integrator, if x = 3/3 ,then x* =s* and hence x = — - Again, x
X

2
P . . . . - S
is determined in an iterative process, by taking the new x as the average of x and —-:
X

1 s?
Xpst ) X +x—2
k

. . 1 .
For example, if a start value x, =1 is selected, then x, = 5(52 + 1), which is a first

3 2 3
.o Z s s)+s" g (s
approximation of s/3 f x, =——=,then x,,, = P (s) g.() . Hence, a transfer

9(s) 2p*(s)q(s)

function containing numerator and denominator polynomials in s arises that includes a

. 2 ’
number of iterations to obtain an approximation of SA . Filter orders are now 3, 9 and 27,
respectively. Because of the above iteration formula’s, orders tend to get higher rapidly in

- this case. It will be appreciated that other order partial filters may also be applied.
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hal f-order |ow pass filter, is replaced by s + wp , or in other words: al
pol es and zeros of the approximtion of Nrs are shifted over a distance -
wo in the s-plane. The resulting Bode plot for four gradations of the
approximation (leading to filters of the order 2, 4, 8 and 16,
respectively) are showmn in Figure 5. It is shown that even a | ow order
approximation (4 ' h order filter, n=2) is relatively accurate and can be
used as a partial order filter. [0058] In an alternative enbodi nent filter
uni ts of anot hﬁfOSQFng‘u?d 6 HoW&M c‘dﬁiﬁaaﬁ%n lﬁﬁpeén%gmd: FQft firfiSdradaew- {@.sd"ﬁ]gd}er
roll-off can be obtained by using, e.g. order filter. This woul d
give an avedt pgytalphdedosipass ﬁltﬂr ac@®Odide b e snvemhors fin postidarsa half-oider f easi bl e,

2 Tirst ol GEPR IRt oot g b of et b By opd PRar ™ = 1©

i nt egr at op/3-drllerfilferSse a third@RleX approSitnatios, BQINGE: X fFte? ordeAgHAI8MNART, X Z 1S
determned in an iterative process, by taking the new x as the average of x

and S 2 Xspeativelyaz11l xR+l = | xk + 2 2 Xk For exanple, if a start val ue xo
=1 is selected f

1T xk = p(s) O%Bﬁﬂxén Pese(eﬁ %}t% h@éﬁxl%ﬁé}lﬁ(ﬁe h& ﬁ%ﬁﬁd S,hlggt?é@rflbmtd{e%p (4§) 23};
(s)a(s) f degrbespfhedmﬁbrﬂbmﬁlm amhﬁ’ﬁ’ﬁiﬁ)bf zq:lpd)}dmatem “baidegrepoiwhilettieal s i n s

ari ses that |ncluf nber é tlons tg} ta n an appr oxi mati on
of sy . EfvERfons aF %rdalfféltfﬁ fgpha@e%m 0 SRS S LIy fropaeuslss 85 ¢ he
above 'teﬁ%tc'uPHfffffégﬁéHg? i ool rasshf, E@dE rﬁe@aﬁ'@for&mﬁd d%détrﬁltetrh' s case.
It will be appreciate a% rder par lters may al so be

appl i ed. dpbroximately -10 dB per decade for the half order ﬁlter and approximately -15 dB per
decade for the 2/3-order filter.

[0061] Figure 7 shows the results of the application of a half order low-pass filter
unit and a low pass 2/3 order filter in the system shown in Figure 2. The Bode plot of Figure
7 shows the plot of the open loop control system of Figure 4 without a low-pass filter, with a
half order low-pass filter and a 2/3 order low-pass filter. All low-pass filters have a cutoff
frequency of 100 Hz. The filters are gain adjusted such that at 500 Hz, the amplitude for all
plots is the same. This way, up to at least 500 Hz the damping properties are not deteriorated
by application of the partial low-pass filters. There is even some improvement, as the
low-frequency amplitude has increased .between 100 and 500 Hz.. The filter orders of the
partial low-pass filters are 8 and 9, respectively, for the /2 and 2/3 order filters. It can be seen
that the 8 kHz peak has been reduced enough to ensure a stable system although the phase
crosses -180 degrees, since the gain is substantially smaller than 0 dB.

[0062] For an active damping system using feedback of measured acceleration to an
actuator force, a general problem is the increasing gain for higher frequencies, due to
decoupling of mass in the object to be damped. When low-pass. filtering using a prior art
filter unit is not an option, because even a first order filter already introduces 90 degrees
extra phase lag, leading to instability, filtering with a partial-order filter according to the
invention may be an attractive alternative. A partial order filter unit allows filtering over a
large frequency range, because the phase lag is only a fraction of 90 degrees, e.g. fora

half-order filter, the phase shift equals approximately 45 degrees. Implementation of the
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[ 0059] Figure 6 shows a conparison between a prior art first-order |ow pass
filter, and partial order |lowpass filter according to the invention, in
particular a half-order |owpass filter and a 2/3-order |owpass filter as
descri bed above. The V2-order filter and 2/3-order filters use a
third-order approximation, resulting in filter orders of 8 and 27,
respectively. [0060] It can be seen that the half order filter has a phase
shift of approximately -45 degrees, the 2/3 order filter a phase shift of
appr oxi m%%ltilél o8 £IRYL RS for"iﬁgtérf‘cetaE)%iynBHl'i‘a\’[%ﬁéi&nﬁhctfdnr(ﬁtanf"bﬁﬁ? shilableer has a
phase shift of -90 degrees. Further, for trequencies above the cut-off
frequency [ 0. f 7= ] C 4 ; i.st order
filter, g%%ﬁ%r%%g{%ﬁ@m%%ﬂog%%ﬁ%rJég(gfgggr g?ﬂt ’eoqﬁng Eﬂg rog@e? f{hliepf er and

approxi mat el y {6830 BeR@iabodeg agkbded shdvaethdf teapplétRfiod of 4 partiall RO&KIteFi gure 7
shows the results_of the application of a half order |ow pass filter unit

and a | owupihisshepeficigdvdisp the phase shiff of pdirsyedes fltshwiihisitep lrrgesedhat.  The Bode
| ot of Fj . , -
prot of Fifibfend GOl Ak B ARl Sy ARE gl 00 GRULA AR U £ 1 97

4 w t hout pass filter, r I'ow pass a 2/3
or der | owp@aisKfiltdr bhie bnlyAlpartlodwedhass dédredsehssdshife naybabbfainedf A pgquahfijerof 100

Hz. The filters ar ai.n adjusted sych that at 500 Hz, the anpl.itude for
all pl ot §0if gla@fﬁgoga%epheﬁﬁp 0GR ﬂ{%&%@& ?éalé‘tmg’@(?opﬁ‘)ltsﬁ%t?@aﬁ‘ﬁ% €
properti eﬁrhﬁé ShifQGbsult bR TR SRMicaon MRS he brdkr iR RALs@bs bewopass
filters. There i1s even sone | nprovenent, as the ~lowfrequéncy anplitude
has i ncr edegrebsiyet wdenoftbOfiterdu®00 Hz. . The filter orders of the partial
| ow pass filte 8.apd 9, r.e ct.ivel or the''/2 and 2{ 3. order
(1t ore 1t calfsd BedintbiiepadifEoatiby Tk il s Buve teellebd 8GR o
ensure a fHe3RkEb1s ¥&TRMgad NG ot fifBASALs. PArARISESer R8P ufie0iA8Eeir Si NCe the
gain is substantially smaller than O dB. [0062] For an active dag%lé&g

a

syst em us#ngofimetivdiy refionnd srensfadundivas araamisobetusedivr amepiher pe p ,
| |l em is.the i i i-n_for hi ' due t
general pyopl gm ﬁssbanﬁ—epta%sgﬁ’%%?}%%gggera Oﬁ%ev%x_%?% gfnerq%%’eeggshﬁﬁ?d ue 10

decoupl i ng of ‘mass i a oW pass filtering

using a peha@dctdistics dfithé partiblrirleri fHten QbitPdte addneigecoldecause even a first order
filter already introduces 90 deg{ ees__ extra phase lag, leading to
instability, flo0pal it iyematkedhasihapositiogcqatrolisystemfacire g dedcs he

| nvent i on é@%i.%o%@ g@%g&iﬂfeﬁq{ YRRl SRR M PincRd® Akt 18 tnePafl i ofdel iR MR T

al | ows fi?terl
one or more filter units of first or higher orders, i.e. second, third, fourth, etc. Such

combination may be applied as a series of separate filter units, but also as a combined filter
unit for instance a 1% order filter unit. Such combined filter units are regarded to be a partial
order filter unit according to the present invention.
[0066] Although specific reference may be made in this text to the use of

- lithographic apparatus in the manufacture of ICs, it should be understood that the
lithographic apparatus described herein may have other applications, such as the
manufacture of integrated optical systems, guidance and detection patterns for magnetic
domain memories, ﬂét-panel displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. The skilled artisan will appreciate that, in the context of such alternative
applications, any use of the terms “wafer” or “die” herein may be considered as
synonymous with the more general terms “substrate” or “target portion", respectively. The
substrate referred to herein may be processed, before or after exposure, in for example a

track (a tool that typically applies a layer of resist to a substrate and develops the exposed
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| arge frequency range, because the phase lag is only a fraction of 90

degrees, e.g. for a half-order filter, the phase shift equals

approximately 45 degrees. Inplenmentation of the 15 partial order filters

uses for instance a polynom al transfer function or any other suitable 2
transfer function that approxinmates fs- (half-order filter), or s'3

(2/ 3-order filter). [0063] Hereinabove it has been shown that the

application of a partial order filter wunit is beneficial when the phase

shift of i I t i on of
such fir s? esfégrt%éﬁne?{ ﬂ%& tbd) ah /ror r%p ‘!fC%O ?03% ‘gﬁ&%ngﬁa%p% Fshesfl?%!ﬂ% ;He ﬁetls]ill ng a
partial finhdydse agpli¢d torshgh mdpnahér substmtmﬂsroe@ﬁingl epile @artbdsraﬂ]e seliutriate, magalye be
obtained. A partial filter _unit o be a pI| crease the

bandwi dt hpaqceasega"som e oewfqrcﬂxa@ggﬂeﬁ{ e§forgeate pane t,!ﬂl%é legiip fiat Fedes ng

from the @%Itﬂafe%wﬂer% nfld)J atlﬁzr Rfdro quﬂs%@%t Lesidy &h&ﬂqswu1ﬁf)1%§oc@§sea 90
degrees per order of the lter unit. 64] Herernabove, partial order

| ow pass flayetser units have been descrlbed to show the possible advantages

of partial ord Parti al er filter n|t nd th
approxirrations‘ﬁggﬁf7 ﬁéﬁ ﬂ?@ﬁﬁ§%%FM?%Wé¥ Brrderipadrs 8 ‘“ﬁi éﬁePgr any .
ot her typemBbditehts@f theiil-dr¥iofi Y thed®nRANGEPASH 1ihdrIhS, it R Be RS Scihted t er s, -
etc, wherein the above described characteristics of the partial order

filter unihatherieveatioameagesoed injctiospplications, faswsrrply imnent ithegrpriy: tibn

cont 1ol SYSLETLackius AP AGNA e BESPTHbIMD ATuFRRONL OB e
PhEs <Gt Tbedie oPHET iobpt Y taPE RS

i nvention nor e
filter un Itdp@ g@bhj‘z irfeﬁ[liatt@fmﬂig dvede deﬁdwth’e patteén crﬁﬁe@ﬁﬁla sfﬂH%trﬁﬁé Tﬁaxupmg?aplfyt C.
Such conbination nay be applied as, a series of separate filter units, but

al so as aCtbeipriealngideyise maurkﬁetprqsmd ity @ﬁ%@f&eﬁstwm%&eéé?thﬁSP‘efétiat%mt Such

conbi ned it '
accor di ng TS e R L b B e AR Bt BBkt PP S ey
be nmade i norhlmmshdrethbrebﬁ Thbeatteingfdevice ishogvedpht of thp pesishlaasingn fattern in 1t

nanufacturﬁg_é . 1t should be understood that the |I|ithographic
appar at us #4gd ?F%@HBHEW in may have ot her applications, such as the

pgpux;tn ure of |ggbPehekatls liAak” MUSLRIET uil AR e adelPghLaT pat terns
electromagnetlc 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 clectron beams. '

[0069] 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.

[0070] While specific embodiments of the invention have been described above, it
will be appreciated that the invention may be practiced otherwise than as described. For
example, the invention may take the form of a computer program containing one or more
sequences of machine-readable instructions describing a method as disclosed above, or a

data storage medium (e.g. semiconductor memory, magnetic or optical disk) having such a

computer program stored therein.
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domai n menories, flat-panel displays, liquid-crystal displays (LCDs),
thin-filmmagnetic heads, etc. The skilled artisan will appreciate that,
in the context of such alternative applications, any use of the terns
"wafer” or "die" herein may be considered as synonynous with the nore
general ternms "substrate" or "target portion", respectively. The substrate
referred to 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 f0/g) 3REaLlEpEXRABEM AR R be AL AANARE PAM o an

i nspection tool. ere app I cab I sclosure herein e applied to
such and @ﬁhbeqmﬂnmImmmnﬁﬂhﬂeﬁﬁwm@ihﬂnhmhﬁﬁummhamybehmdsummemamanmaw be
processed %wa C for | e | er to cregte a multi-layer IC
e et HEcBed e Bo deprnind froBinn Siogr 1Y iy s 5% o0t B3o¥ o o substr at e ¢ hat
al ready contains nmultiple processed |ayers. [0067] Although specific
reference nmay have been nade above to the use of enbodi nents of the
invention in the context of optical l|ithography, it will be appreciated
that the invention nmay be used in other applications, for exanple inprint

| i thography, and where the context allows, is not limted to optical

| ithography. In inprint |ithography a topography in a patterning device
defines the pattern created on a substrate. The topography of the
patterning device nay be pressed into a | ayer of resist supplied to the
substrate |I whereupon the resist is cured by applying el ectromgnetic
radi ati on, heat, pressure or a conbination thereof. The patterning device
is noved out of the resist |eaving a pattern in it after the resist is
cured. [00681 The ternms "radiation"” and "beant used herein enconpass al
types of electromagnetic radiation, including ultraviolet (UV) radiation
(e.g. having a wavel ength of or about 365, 248, 193, 157 or 126 nm and
extrene ultra-violet (EUV) radiation (e.g. having a wavelength in the
range of 5-20 nm, as well as particle beans, such as ion beans or

el ectron beans. [0069] The term "l ens", where the context allows, may refer
to any one or
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conbi nati on of various types of optical conmponents, including refractive,
reflective, magnetic, electronagnetic and el ectrostatic opti cal
conponents. [0070] While specific enbodinents of the invention have been
descri bed above, it wll be appreciated that the invention naybe practiced
ot herw se than as described. For exanple, the invention may take the form
of a conputer program containing one or nore sequences of machi ne-readabl e
i nstructions describing a method as di scl osed above, or a data storage
nediunl(engqu@d%%mMQPQ§:nennry, magnetic or optical disk) having such a
conput er program store erein. 17 [0071] The descriptions above are
intended to be illustrative, not limting. Thus, it wll be apparent to
one skilled in_the art that nodifications may.be made to.the inyention as
described withdut dApeePiPhy=ERbir PHEtUBE PO POPTPREILEl At B, 18
WHAT | S ChBjeMERhiside: A control systemfor controlling a position or
position related quantity of an object, conprising: a measurenment system
configured to measupcasyeneitispicncopbaired rmeashegtacppsitipnon ppiitownrfelat

object; a coqﬁrgéggr cqpfigured to provide a control signal based on the
measur ed qg% i | 8@e§05ition rel ated quantity; an actuator configured to
actuate the object has@eblRNcoiTRuednd pedvidd Ofudkrol €pehl basediontive memkuted
configured to filter the neasured position or position related quantity,
wher ei n t Resition erposifiontrelated quaglitysi al order filter unit. 2. The control
system of claiml, i i rnfd kb J g rder
Yt i oA g AGEES, é°§§§?‘gﬁqtt%€ét‘é¥5aﬁﬁqofjé°%§%%?ﬁ't%ehdé’ﬁtégln{@éﬂale‘?
conpri ses an i ntegr afitier urdoninfighred mo filterdhe deesvea@hpasitionsy poetivofelaedi m 1,

wherein the partial order filter unjt c rises
quanrt)lty, wherein the filter unit Fs a partial or(?er ilter unit.

2. The control system of claim 1, wherein the partial order filter unit is a half

order filter unit.

3. The control system of claim 1, wherein the controller comprises an integrator

control unit.

4. The control system of claim 1, wherein the partial order filter unit comprises

a rational transfer function representing a partial order.

5. The control system of claim 4, wherein the system is based on a fourth order
transfer function.
6. The control system of claim 1, wherein the position control system is an

active damping system.

7. The control system of claim 1, wherein the actuator is arranged between the

object and a proof mass, the proof mass only being connected to the actuator.
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a rational transfer function representing a partial order. 5. The control
systemof claim4, wherein the systemis based on a fourth order transfer
function. 6. The control systemof claiml, wherein the position control
systemis an active danping system 7. The control systemof claim]l1,
wherein the actuator is arranged between the object and a proof mass, the
proof mass only being connected to the actuator. 19 S. The control system
of claim1, wherein the filter unit is a lowpass filter. 9. The control

system of clai g1, wheE&id) s§ienPBf 85 | SwiRerBih Witdr At Y5 IRTHAL Brer.
it hographi c apparatus. 10. A l'ithographi c apparatus conprising: an

illum nation systemconfigured to condition a radiation beam a patterning

devi ce bei ng cgpabl e, of inparting.the radi atign beamw th. a. pattern.in its
Crossssect i on Por of b ol Bsranbr 14 Lristein B8 4Pt buepieiul Dot e

const ruct geho ph@k@p@aﬁgbstrate; a projection systemconfigured to project

the patterned radi ation beamonto a target portion of the substrate, and a
control systemto control a position or position related quantity of an

obj ect of thelhith89ﬁﬁﬁgﬁﬁ¥@aﬁﬁﬁﬁ¥ﬁ%nF%@ﬁ{ein the control system conprises
er it : e "

a partial order fil g@raphic apparatus of claim 10,
wher ein the positi o taffifidionsyséfonfigureditoadhdivion dasfiativgh Isast,em ng 12,
The |ithographic apparatus of claim1l, wherein the object is the

proj ecti on systemaR%ttenvﬁédw@%@%ﬁqﬂa@e&éﬁam@&&@fra ptigRepm Willher ei n t he

partial Of)ﬂ?elin f thd &bsstiRbdion 18 fordh LBXYté?ﬁ’éisraaf-a{i&?Beaﬁﬂi t.
a substrate table constructed to hold a substrate;
a projection system configured to project the patterned radiation beam onto a
target portion of the substrate, and
a control system to control a position or position related quantity of an object
of the lithographic apparatus, wherein the control system comprises a partial order filter

unit.

I1.  The lithographic apparatus of claim 10, wherein the position control system

is an active damping system.

12.  The lithographic apparatus of claim 11, wherein the object is the projection

systerm:.

13.  The lithographic apparatus of claim 10, wherein the partial order filter unit is

a low-pass filter unit.

14.  Thelithographic apparatus of claim 10, wherein the partial order filter unit is

a half order filter unit.

15.  The lithographic apparatus of claim 10, wherein the partial order filter unit

comprises a rational transfer function representing a partial order.
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14. The lithographi c apparatus of claim 10, wherein the partial order
filter unit is a half order filter unit. 15. The |ithographi c apparatus of
claim 10, wherein the partial order filter unit conprises a rational
transfer function representing a partial order. 20 16. A nethod of

i ncreasing a bandw dth of a control systemconprising providing a filter
unit, the filter unit being a partial order filter unit. 17. The nethod of
claim 16, wherein providing the filter unit conprises providing a rational
transfer function approximating a partial order filter unit. 18. The met hod
of claim 17, conprising shifting the frequency range of a transfer
function to a désir &dmfihed géineseasinggbdandvadtitie avstrblostem ehwiriming7, wher ei n

provi di ng > filter unjt, rises. adjysti ain, wherein the gain for
a desired P%‘;r]‘}e?%&&%%téﬁte? lém{ lfen)?lgél% Hglg%glﬁlggtﬂgﬁ’lai& 31%9%}%%&31“' before and after

application of the partial filter unit. 20. The nethod of claim16, wherein
providing a filter unit conprises choosing the partial order of the partial
order filter udit bd8emedipdof shiraréyWhapintranding el Unit cemarsast eri sti cs
of the partiddind il j g i | e control
system co:?*prv?tgln%g %ﬁ%e}lqgalntrs\fgra P?A'% %%tr&gmaﬁ{lg ?E%ﬁflwljtagrrﬁh&m being a parti al
order filter unit. 22. A nethod of increasing a bandw dth of a control

system conprisipg filterin control sjgnal wit partial order filter
anit. 23, A cobfrol &Esgﬂﬁﬁwgfoﬁla&%%mnrﬁ@gék%%3163#%?11%@% A rel ated
quantity @hndd ruRRiRGs o dCQMRMSuBity rAndeasur ement system configured to
nmeasure a position or position relgie quantity of the object; a

controller configured to provide a control signal based on the neasured

position or position, rel ated antity- an actuatar nfigured.to actuate
t he obj ect bas %l onﬁl%’é’e@t?ﬁtof gﬁ“’%ﬁgﬁéﬁlef‘elﬁrﬁ’&o‘m&llng the filfer und COMPIISCS
adjusting a gain, wherein the gain for a desired frequency is maintained substantially equal

before and after application of the partial filter unit.

20.  The method of claim 16, wherein providing a filter unit comprises choosing
the partial order of the partial order filter unit based on frequency shift and damping

characteristics of the partiaI. filter unit.

21. A method of obtaining a stable control system comprising providing a filter

unit, the filter unit being a partial order filter unit.

22. A method of increasing a bandwidth of a control system comprising filtering

a control signal with a partial order filter unit.

23. A control system for controlling a position or position related quantity of an
object, comprising:
a measurement system configured to measure a position or position related
quantity of the object;
a controller configured to provide a control signal based on the measured
position or position related quantity;

an actuator configured to actuate the object based on the control signal, and

21




i

W

21 a filter unit configured to filter a signal associated with the neasured
position or position related quantity, wherein the filter unit is a
partial order filter unit. 24. The control system of claim 23, wherein the
position related quantity is acceleration of the object. 25. A device
manuf act uri ng nmet hod conprising: patterning a beamof radiation to forma
patterned beam of radiation; projecting the patterned beam of radiation
onto a target portion of a substrate wth a projection system and
controlling a positi,@kePliniPQRkikhied 1d GhdHaQbndURN kY Qfth Eﬂa%&ﬁxﬂk@gééi%
system the controlling conprising nmeasuring the position or poSition

rel at ed q@anedition wiatedguaphiyj wbereiorthe Sitet wnit is prpestiablomdgr Slteremitr ol si gnal
based on the nmeasured position or position related quantity; exerting a
force on the projection system based on the control signal, and filtering
a signal assocpat ed The téntidieysi@asHElarn POSIAdER 1Y pdRRdhiréiaRd qhildy ad

quantity, wherein the filter unit is a partial order filter unit. 22
acceleration of the object.

25. A device manufacturing method comprising:
patterning a beam of radiation to form a patterned beam of radiation,;
projecting the patterned beam of radiation onto a target portion of a substrate
with a projection system; and
controlling a position or position related quantity of the projection system,
the controlling comprising |

measuring the position or position related quantity of the projection

system;

providing a control signal based on the measured position or position
related quantity;

exerting a force on the projection system based on the control signal,
and

filtering a signal associated with the measured position or position

related quantity, wherein the filter unit is a partial order filter unit.
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