LI THOGRAPFHC APPARATUS AND DEVI CE MANUFACTURI NG METHOD BACKGROUND Fi el d

[ 00011 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 system and a net hod
for increasing the bandw dth of a position control system Description of
the Related Art [ 00021 A |ithographic apparatus is a machi ne 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 act ur e oLITHOGTRAPHIC A PRARAT U8 48D DEVICEMANGEACTURINE MLERAQP
device, which is alternatively referred to as a nmask or a reticle, nmay be
used to generate a circuit pattern to be forned on an individual |ayer of
the IC. This pattern can be transferBACKIGROUND arget portion (e.g.

i ncluding part of, one, or several dies) on a substrate (e.g. a silicon
wafer). Transfer of the pattern is typically via imaging onto a | ayer of
radiation-segfsjgti ve material (resist) provided on the substrate. In
general, a single substrate will contain a network of adjacent target
portions that ard080idcBegiresentinyation relatds taGoemnsiol systean to ¢ontrobg pesitian or

apparatus include so-call steppers,..in which each tar.get rtion is

i rradiat ed HS?S@’QB(@FW@ qg?ﬁﬁiﬁ%‘}cﬁégﬁﬁl??‘& fir %fﬁ?%@‘ﬂ%“? & g@?&p%ﬁ@%rﬁpac once,
and so-cal | egpSGaRA&hSding & coMiiol Bysee Bnd A hkeHodToF inkRAsihg tHebandiwiitledf Dy
scanning the pattern through a radiation beamin a given direction (the
"scanni ng" - giopigien contyol wisterd. synchronously scanning the substrate parall el
or anti-parallel to this direction. It is also possible to transfer the
pattern fromthe patterning device to the substrate by inprinting the

pattern ont dsb@paowst thatRelated Art[ 00031 I n the known |ithographic
appar at us, control @istem; are used to contraql the pgsi ti,on Qr position

rel ated quantiti 48002 nlithegsgahisapraraiys isamarupethplipphes afesyss Batem 8po? o
control sys : ot i i ith
hi gh accur aéwugﬁgygﬁgé?r %@E@ooétgﬁ%@gﬁé%y@? g%ﬁg?hg%g sﬁirS gfmegﬁlhsgg!ort
or a patter forngxaeid, eths wppofacture ofSntegtated gircuits €iIs). Mo budystasen aymyteinengis ed
to control the velacity, or the acceleration of the, object. Because

vel ocity, adewrerdiribiy airaaldy feIereGe 2t BEO A THt %‘F"’é’_s@!‘&?e‘&g% gge 2
velocity bej suiwﬁténuaﬁoéfﬂ f @ anQhdRRGAl BYatdrone RNOTROSitchPbarif thisfched
time integral of*velocity, all t(wree can bé regarded as position rel ated
quantities oftotdterpebpation (e including patshone, phesvert dies)sosi wbgrate rg. asiliconay

al so be used fo ases ere vel.ocity,or .accel.eration or other. positiaon
el at ed Gua ey dEARiE of A g g Pru Ly it Toreues oo 8 TRt ofialRtR G LR
appl i cati Onﬁaate}iaii ,§i§t?kyro§r%l%}l%ﬂ‘tﬁ@éﬁb§@at@$ﬁ%eh&a§ habigld A@strdle wilpSodthian of a
substantial l'y stationary object. Such conttol systemis often referred to
as an act i vectimrpofiagjsoest terget portians thet 4o suetassivatypaiesnedn{Couentipnal t he
velocity i Sliﬁ%%ra%%}cua%lpar%&rs"iﬂc?lll eesg-c\éﬁéé gt%iaférs, 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 scarming 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 fronﬂ 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. Sucha -
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.




[ 0005] An exanple of such substantially stationary object is a projection
system Such a projection systemincludes a nunber of |ens elenents and/or
mrrors and is held, during projection, in the optical path between a
patterning device and substrate. The patterning device and substrate are
positioned with respect to the projection systemto obtain an optinal

i magi ng quality. However due to vibrations and other novenents in the

| i t hographi ¢ apparatus, novenents of the projection systemnay occur. In
order to suppress these novenents it has been proposed to provide an active

danpi ng systafmikgy sl aysiesyane he gsed fe peirol thesvelagii ob theasedderation oighe of
the projectigp.$Ysdaile velocity, ack@396dn Mo B SFRL IR eaf)ﬁeff@lﬁht&}?%g{?gﬁy
system i ncl udes an accel erat’ion sensor t'o neasure dccel erations of the
obj ect, a cdmingtht émetintegrabef ateeleratombndoposioprv@ingahe tilne ilagraisofofeldelts, all
neasur ed accel eratjon and,an actuator to provi gﬁva rea ti&g force to

counteract t'HECLERRFEE das BOR el RGN S © é’t]?ifﬁf 8F theiyeasng, dettermrne
-actuator 1s ‘?ﬁﬁﬁ'ﬁf:&%ﬁ'ﬂ-’ %éy}th?so%lug&ffo\;\h?%est@h&e YE8GkH é}%pé%%od(f}o%éf 83ion

enbodi nent, e mass is a'free mass which neans that it is only connected
to the act uaelsted guantities exthe pontttodled vartablesn force is not exerted on for

i nstance a frane. rnatively,.the reactiop force could Lexerted. on a
reaction frame ormqbdﬁ‘i%? P@@f apph%atlo“f’oaoﬁ)?%o sy&{]emggse Bsfegttﬂégﬁ%_ Bt nent
i s that the ofaRtbintialy lBAdIRY olei $uchResLMyseMmtiabhiéh Rferfedrto B SN SHive
frequencies the gain of the transfer function of the system may increase

whil e the pKeswingsysiemsin agactivsglemping syblem; nealiy Seiglassl is the agtpal dontrollgsbe a
result of | @lements whi ch are mounted with limted stiffness in the
proj ection sys?erh and becone decoupled fromthe housing for frequencies

above its resonafes] negiengle of ¢ StibBEntidlle skdidBary @bt Bla pojBttiitsystem.
frequency therefore | eads to_a hjgher acceleration, because |less nass is

act uat ed” wheNch d REoJHap sy inclndes a supberp! lmsel @reysand{osmigarsanddy helder ease
- for higher f ' : i ' j ; - ' j gai ns

for high fr gqmuﬂeﬁgﬁggﬁ%cﬁgg%gw P‘%E"eg‘%a g?\t@lﬂ%@{%g @%ﬂydsﬁ%%%%é‘%e [ 0008]
| n many conpaitdrning dewoe andfsubsitatodre hogtiaicd ovithaespeoite fagsojtitidnaystem tapblaired

t o danpen the high .gains for hjgher frequepci.es to avoid instahility of the
system HoméveP?rde%am QHQHVB{RWB‘O% dgeto v@raa%smﬁl@t SIVRERE TP i cat i on

of such a fi; : o1l S : {TBYim ' Lnce
t he danpi ngqlg@%{aﬁglcgg%%ﬁéo I rf‘ég ;’éfgs %‘fﬁgtg% ygg, tﬂgércg\%e' %[EQI?%%\%LSEP %&C
decr easi ng these fpeguentsiy hat bashipodposdB® pdeddessadtive dampigdyston to niniegze ng

t he chance on instability. aresult, it may be difficult or even
i npossi bl e P VEBEIR: VS 9%@@{018??f¢?%_8%@%?33?t@%’?@& or hi gher order
filter such that[osf Akh6wa et LA Qifthol system inbRBAHn 6465804 Yonsdd 1S

not desired to increase the bandw dth of -a position control system the
bandwi dt h b mepsusfacenieratianstof ghefabjest, afcortyeln typrafide e cotteol gignal af the hasiogfen

1 oop transfgr function drops bel ow one (0 dB),. At the.sane tinme if.is
desred to Mapetre] AP B ot Srary provite s rsghel T psoHBETFLYFe ¢ o
provi de a sjcrblef:tiof Bhd Blerewith B8 VeI Me SojRDSTHe Rl iPhinbéteMtd Bk at ed
quantity such as velocity or acceleration of "an object, in particular a

st abl e act i Yeied angpioriFeagfionarass.fn pknewnombodiment, theduess issbires masspyloch neans

cor di -t e sGabl & S MPad Bl i emil R iPy fove i g BEAIHSP st om

for contr ol inktageea feahd. Al@mniveROSictiRiof &raé shidbaidric oah rantiohifealeor
including a neasurenment system configured to nmeasure a position or position

rel at ed quaf€iks of the-object, a controller configured to provide a

control s i, gnal  9od7]% BASHRLES thi 8n iR RIALERRRS: il thePlontrol 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,



position related quantity, and an actuator configured to actuate the object
on the basis of the control signal, wherein the control systemfurther

i ncludes at |east one filter unit configured to filter the measured
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
i nvention, there is provided a |ithographi c apparatus including an

illum nation systemconfigured to condition a radiation beam a patterning
devi ce being capable of inparting the radiation beamwth a pattern inits
cr oss- sect i omdibecdroe decauplad frenmidd hoasingfar dreqiergies abowlibisesaiance fgsjuency.

constructed fo.hold a suhstrate.. and.a projection. system.configured to
b o] ect t he ASRPBE MEFdpise b b SRR R GRS I BRRg et ton
substrate, VikRenfkhss hfsd istbbOalaMlics IGRRMRIntSaré BSdowfRE. Phe?oMid, He gitsheyn t 0
control a position or position related quanti té_ of an object of the

t

| i t hogr aphi dnetpasg e higherfregpenciest Flee easmhinasionsf sighrarienen ingegsiag gains farhigdy der

filter unit. P C i ct of the invention, there is
provi ded a r%?qﬁ(e)r(“f“fsol %%%skse@s%é%g(%gggé%g% gtsﬁ&%ﬁ a control systemor obtain a
stabl e control syee08NIn kel ¢ohtid spstomiadkirsipraidhict beder low-passtider fsidppléed toni t
being a partjal order filter unit. . [ 0014] According to an aspect of

the i nventi simpemgiedighgginsior hedenirempneies evaiddastabiing e Mstm- HITRIPhg
patterning %ﬂpﬁ@%ﬁe %@?nadt:{i{?@da;nggigg 5 {Btéin ﬁi%taﬁ])?ﬁ&?ign%?@mhoi fids PG kP Bigier

projecting the patterned beam o I‘atton onto a target portion of
substrat e wilbw-passfilogr ectyinoh bs pedsibie siackithe dampiigloif te geigsedsd imgrhiena phass lag, on

related quantity of th oj ectign stem the.c rol | ing conprising
neasuring t ﬁ]_éer‘f)‘@ﬂ’éli* S?‘%?Ff‘?léf?‘{eﬁé?éﬁ‘ggwé RERE Pt &G%ﬁl?t-l(fgé d‘c’ﬁre?sn‘g %’F%‘L}&é@ﬁl on
system pr 0%&&%&%@&%&9&1 fis@BAlty LAS L LR if A8y PEAHCEH oP Bdn!ihiPdssble to

position relate antity; exerting a force on the projection system based
on t he “cont mpositien gealuf-ofitqheddyefitefitt i hgehar osdss Gensust thit aistablesystemsisr ed
position or ggﬁtion rel ated quantity, wherein the filter unit is a partial
order filtef . [ 0015] According to another aspect of the

i nvention, theregopRYbERY ifisGRNEERed Sy MR thE banRtilel dfalbsiiopesatidlon or
position related quantity of an object, including a nmeasurenent system

confi gured systerechebandwigibdieingolefined potbie firy dregetney exheseidstgainoidhe enea loop
bj ect; t rol . fi dt i . Sj th
mosur ed- poltpiig et RbaRASY oh (R S iR WA i SE REE BB T

actuate thespjdmect based on the control signal, and 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. BRI EF DESCRI PTI ON OF THE DRAW NGS

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] Accprding 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 positionor



[0016] Enbodi nents of the invention will now be described, by way of
exanple only, with reference to the acconpanyi ng schematic drawi ngs in

whi ch correspondi ng reference synbol s indicate corresponding parts, and in
whi ch: [0017] Figure 1 depicts a |lithographic apparatus according to an
enbodi ment of the invention; [0018] Figure 2 depicts a projection system
and .an active danpi ng system according to an enbodi nent of the invention;

- [0019] Figure 3 depicts a Bode plot of the transfer function between
actuator force and acceleration of the projection systemof Figure 2;
[0020] Fi gumpesidonsfbited quaatifoaial i @tuatdr cohgopdio dechaf tbé oltjba oprthobasssrdf the
active danpi g ystem and projection systemof Figure 2; [0021] Figure 5
depicts a B¢ ‘§F§$' alot hal f order filter appr oxi mat ed by rational transfer

functions ofydidif Bc@Bhtrél'sYKER further includes at least one filter unit configured to filter the
measured position or position related quantity, wherein the at least one filter unit is a partial
order filter unit.

[0012] According to an aspect of the invention, there is provided a lithographic
apparatus including an illumination system configured to condition a radiation beam; a
patterning device being capable of impartiﬁg 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 control system
to control a position or position related quantity of an object of the lithographic apparatus,
wherein the control system includes a partial order filter unit.

_ [0013] According to an aspect of the invention, there is provided a method to
increase the bandwidth of a control system or obtain a stable control system, including
providing a filter unit, the filter unit being a partial order filter unit.

[0014] According to an aspect of the invention, there is provided a device
manufacturing method inclading patterning a beam of radiation to form a patterned beam of
radiation; proj ecﬁing 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 baséd 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 controllér 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 -



. '[0022] Figure 6 depicts a Bode plot of |ow pass filters of first order,

: hal f order and 2/ 3 order; and [0023] Figure 7 depicts a Bode pl ot
showing the results of the application of a partial order |owpass filter
according to the present invention. DETAl LED DESCRI PTI ON [ 0024]
Figure 1 schematically depicts a |ithographi c apparatus according to one
enbodi nent of the invention. The apparatus includes an illum nation system
(illumnator) IL configured to condition a radiation beamB (e.g. W
radiation or any other suitable radiation), a support structure or pattern
support or sdigpdrand Gdilgr umt configutedind &)te\Alsigenl assoviated dvithahe mepowred position or.
patterni ng device (e.eg. a _mas‘g% VA angd connect ed .t];) g ];lel st _positioning
devi ce PM cdmeitignelgtet guantiy, wiessy ﬂ}fo&ﬁ"i“&ﬁlﬁ hERHak e HITE ehvi ce in
accordance with certain paraneters. The apparatus al so includes a substrate
table (e.g. a wafer table) WI or "substrate support” constructed to hold a
substrate (e.g. aresist-coated wafer) Wand connected to a second
positioning device PWconfigured to accurately position the substrate in
accordance with certain paraneters. The apparatus further includes a
projection system (e.g. a BRIKROESCRIPTIONGF THEBRAWINESEM PS confi gured
to project a pattern inparted to the radiation beam B by patterning device
MA onto a target portion C (e.g. including one or nore dies) of the
substrate W 25] .. The i 1| .00 . ] j
types of optical @8@%’&%@@@%8&%@ ‘;régltlélgg?]?éé&%? g%g%ql\?g dgf%g%l? E
el ect r omagneiniE wifhl @fkEnes tdithie ac@Wmpminbier staesicafrawings tavhicl omoesponding or  any
conbi nation thereof, for directing, shaping, or, controlling radiation.
[0026] The sre‘q"@mc?Sﬁﬁb@&m@i@t%ﬂ&@@ﬁ@gﬁﬁﬁﬁﬂilﬂ&i@vi ce in a nanner that
depends on the ory -] . J i b i e
| ithographic appalpg’ﬁ@%@gg(]:l%fg lhgfa 1@@6%%}?%%%% g@%?%)%%ﬁ%ﬁ?%étﬂﬁer
or not the patdngibni Ng device is held in a vacuum environnent. The support

structure can use nechanical, vacuum electrostatic ar other cl i ng

t echni ques to hollﬂqulé:%ﬁ??éifeﬁfcﬁj‘ﬂi%k?f’%@Sﬁﬁ’é‘"Wvgmﬁﬁﬁ?%y be a

frame or a tg rﬁmeQEn@%ﬂ%hﬁntMﬁﬁﬁw o fixed or novable as required.
at t

The support 'struc l}re may ensure t e patterning device is at a desired
position, for exd0gl% Rigirk3depipiatBdde Hloteofthofransfdr dunctipn betweepagtugforiasee t he

terms "reticle"” or "mask' hereinp may, be cansidered synonynous with the nore
gener al terﬁpgﬁ&‘ie_i%?tﬁﬂ“rfgﬁ%"e?fioﬁég‘ms Sten.l 0?? 77 The term "patterning
devi ce" used her gpanosHoul:€ 4 REpibik Aashdé Pl IR GleBdodiSofithé Bridd AMdactive daniping

device that can be used to inpart a radiation beamwth a pattern inits
cross- sect i eystemn aad ptajecticaaysern o Eigwee % in a target portion of the

substrate. It sh noted .t hat_ t he .pat i Fatjon
beam may not exaiwj;h%ewgégmﬁts oBcfdrq?é’l‘gteosfit%r%at g%%%rél {%h%atﬂiﬁg%@{a
portion of theserRstidkef dfiefyampde if the pattern includes
phase-shifting features or so call ed assist features. Generallx, t he
pattern inpart ed [0422] fégure 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 inventipn.
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



radi ati on beamw Il 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
patterni ng devices include nmasks, progranmable mrror arrays, and
programmabl e LCD panels. Masks are well known in |ithography, 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
programmable nmirror array enploys a matrix arrangenent of small mrrors,
each of whi @ndigiep)esuppent siraciaie|oy paftern seppsy casuprerh(efg aoraskirblaidBhi ng

radiation b i i t. directi e i 1 oS | [ pattern
in a radiat %gﬁ%%gmt%ﬁéﬁpﬁaﬁ '}%ﬁﬁ?ﬁ?@iﬁetg&l}gt #ena%#)?\gé?nﬁgﬁr Ie;(;{-em%gatﬁr&[ 00291
The term " prpojigiohing Ideﬁy?PMrﬂ'o_nﬂgﬁ_dd hﬂceﬁﬂate%h@&ltd)lnbgg ﬁutﬁﬁﬂllclg/dévﬁt_ieﬁﬁ RéRtdREcas
enconpassi ng .any type of projection system including refractive

refl coti ve, Vit éﬂﬁ%‘fﬂaﬁlﬁ‘?tgfﬁa. H_per,au@y tPARREs ASLPYTaliable| (@81 # Batcatable)
optical Systyei, Q@Y s &ﬁfg?ﬂ?le& Re{EOh s?@ﬁa@@gé.oaqreﬁgﬁ&a{eﬁrwa{f \%?ndan

exposure radi ati on bel ng used or other factors-such as the us
i mrer si on | icqunegttedrto & beeond posifiorang/deineBW Aonfigisel tofacturatelygronitiop the) sebtratn

o ent on'aEbahPoc SIE oL SRR AR eI bt BB ARG B

transm ssi vee bYPR{1a&ivd proBRIdRVERGyatek) PRIThASIE I TRSIEL: a Pitich] AR ¥@lo/thet hE
apparatus may_be of a reflective type (e.g. enploying a progranmable mrror
array of a r3dtioadenmfRRby paftarningdovies Mk ontopltangeimyriton €1(¢.gdhilvdingmek pr

[ 0031] The Lit raphy c ratus may be of a type having two (dual stage)
or nore sub%l}orrgglgs)tgg‘we?%g&%e bstrate supports” (and/or two or nore mask

tables or "mask $0028PThsillumihdtichUgtemhdy inplue $4rRAQ typrBeNbMES! édiponents,

additional tables or supports may be used in parallel, or preparatory steps
may be car r Fedh asueftastive sellentivagnegneds | clestromagngtisoslecsrogisric er ofher ypesalt e

ot her table i . . The

| it hographi %ptg%%%ﬁ%h%’a@raa 2: §h1§gna§§§§1e[—e§ Eiefgg\/(\%ger%gﬁgf Sg?plfl%’aosf {C glgédéic%)rrl%i on of
t he substr atzliavay. be covered by a liquid having a relatively high
refractive index water, so as to fill a space _between the projection

e.g.
system and t he s{P&éﬁth%sumaﬂiSW@im}dSﬁhwt@wd%{»ﬁ%n@énwsrfihé apsndst her
spaces int | 3:1305K i : nd the
proj ection glggitelem ?ﬁ?ﬁ?‘gﬁ’gﬁﬁﬁwgﬁgéq@%‘ﬁé u@%%@%%ﬁ@ thgéaéﬁ‘@ﬁgm d
nuneri cal apibet eonditiohs, o) acfor exungpls wethier dilet therpatéininpadesice s had irus ed

"~ herein does not nmean that_a structure, such as substrate, nust be

subner ged i KGR ARiroRpenty TAG-pDerh SuGHES 630 bifARechanicfyyapuRaL FlseEAsECHEL ween
the proj ect @B S¥sb; : [ XPR é}(};‘e?g
Referring t% Fi gur%ﬁ%&gﬂlgh%ﬁogﬁl@%%géﬁtﬁmggggﬁeﬁ%goﬂgﬁ%ﬁwé mfrom a'
radi ati on sframe er $@bleT frer exaupleewhich ntdyeel fixeld og naphble aappaired. UEhawpplxe
separate entities, for ex e when, the source js an exciner |laser. .ln such
cases, the YBIFERIE Cge @a”ﬁ@m‘#j@amﬁ ¥i5F 1 % arleSioH RORIOR: R syEaRiR AL
appar at us aRghdoh® theghofdchion sREEM A sy RRITEL A Prtdie SQYRERK et rhdlbe
illumnator IL with the aid of a béamdelivery system BD including,” for
exanpl e, sutonaidered dimaaymons withithomeregeitnt team Spatharingdedes.” | n ot her cases

t he source may i.ntegral part of .the |jthagr i atus, for
exanpl e when t hgﬁggﬂ rt:l'g: tf"g“ apaﬁ%pm qxwge&%&ﬂgﬁ&@%%g@%ﬁ _@ngreteg as
i 11 um nat Orrefdming ORY evic¥italcdn e (R840 HYJatAbYia6NPb&M Fithlalpaii@QUhid, MRy

be referred to as_a radi ation system )
crogs-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
‘pattern in the target portion of the substrate, for example if the pattern includes

ph‘as_e—shiﬁing features or so called assist features. Generally, the pattern imparted to the



[0034] The illumnator IL may include an adjuster AD configured to adjust
the angular intensity distribution of the radiation beam GCenerally, at

| east the outer and/or inner radial extent (conmonly referred to as a-outer
and a-inner, respectively) of the intensity distribution in a pupil plane

of the illumnnator can be adjusted. In addition, the illumnator IL may
i nclude various other conponents, such as an integrator IN and a condenser
~ CO The illum nator may be used to condition the radiation beam to have a

desired uniformty and intensity distribution in its cross-section.

[ 0035] The rmdiatibn beanbedicdréspondivi apganticudar fudnsiopatlayer mi adedes/baag ¢reatgd in
mask):- MA, which is held on the s :)orEi structure (e.g., mask table) MI, and
i s patt er nedPH{PTEHEOPLM ﬁ’rchlaﬁénb‘ﬁ% Cll"ﬁ‘%}#ng traversed the patterning

device (e.g. mas kqoom THYasteRHAd v AR BrRASERE of AEfiale. HX@mPIRLCt i ON
system PS, which focuses the beamonto'a target portion C of the substrate
W Wth the patidmitg ddvices incbris masks.tiregramgrabiisynicer pyyin anpproetansmbderchr | F

(e.g. an interfer tric ice, .| I 1.00 [ Li ] ), the
Subsi rate 1 oHPEevigpeehEEE i hpERaR) Mo FAR N8 RS,

di fferent tadigedatin®phdseRhiflCahdattdiated phaseishift)as welll bavarivus hebrid RaskIypesl Anl y,
the first positioning device PM and another position sensor ich is not

: p (Wwhi
explicitly degmeleaf anosprpmablemireofrgy emgkys 8 aide W@tg@mﬁnb%fs‘ilﬂqﬁdﬁnﬁo%
pat terning ' DS i I : bheedAg ati on
beam B, e. gfj&gf ? g‘ﬁ&%%ﬁ%m Cgl}wé{%ﬂﬁt&@&s&? ?@%géér?maé E&?ﬁo?ﬁ{#%ﬁ%ang? gluri ng a
scan. | n gendiffalent diteetomntTheftiltcl enirrosslipartta patteradh araliftencgheamaskich &bl e) Mr
may be reali Zﬁd jth the aid of a |ong-stroke nodul e (coarse positioning)
and a short-1§ %%ﬁebmam%mwﬁ%- posi tioning), which formpart of the first
posi tioning devi Wil : t 9 theMradl PRl ed Gk
"substrate suppoﬁtﬁqﬁxgﬁégﬁﬂﬁﬁ% %‘sg%éﬁgugaligﬁg@gﬁ%keemduj% aeﬁ%_a )
short - st r ok eencurdpdseing awhy tipefod projedion spétemn niecleding mefrantivie ieflecivepsatadioptitie

case of a stepper. s, opposed t canner). the support structure.(e. g.
nmask tabl e) ’ﬂ%’ﬁ‘é@r%ﬁ?éﬁegﬁ @881.3%0&0 qrtigglsypigm ’c%?&?cs’?mﬁmag?n g\grcﬂgfs be
fixed. Pattehbiopgaded € ekfostre ABRLdn B@n%ﬁ%d?bﬂ%% bk fadoiPshiches fleugastlan
usi ng mask alpl ghment marks M, M2 and substrate alignment marks Pl, P2.

Al t hough t hémmesion hquid af fhgruse of a requsL. dqiyiuse obthe sared Teeiecinn lgetihersimay
target portions, .they may be | oca i.n_spaces .bet we . ortions
(these are wﬁgﬂﬂsnieg%m)%‘g@mﬁlg %ﬁgﬁﬁﬁ?{f’gﬁéﬁr stl.mﬁrﬁﬁcgr %&‘]ﬂgm tuations
in which nore thgpo3spesdicte ddpidtsd) \thelgbatiustibef Aaaksniiksivd fype (@g lenpploygnnent

mar ks may be | ocated between the dies. 100361 The depicted apparatus could
be used in amanswissive mask)opltermatively. thewnngratisdeay be of a refleqtiyg dyme (¢-8) mplp¥pe

mode, the s | Mo : : he
Subst rate ¢ dgrapaptFiaE il & GRS HARE o Hhyplor BRI PEREYRNN)
while an entire [Ppe031pmhe licoatdphit dppatans nigdieatfiaaypdiening tsvodedl stigeXbramire a
target portion C at one time (i.e. a single static e&osqgﬁg&n Th]%alssubstuéate
tabl e WI or subsiistertabiesors suhisiate suprorish Gndis twe epmpre mask (01ss1f "g1askSHpPPES Y4 on
so that a di : ) Js 3,

i mom o1 20 S g 1 88 ORHOGRG i KRR BBRPSESppbly HaFReRF ek
i maged i n - aogpregiatosy stepmexbosdttied ot@NAIRE o2mbre tablan onapports WhilsoEpomore

structure (e.g. nmask table) ML or "mask support” and the substrate table
WE or " subsOHEF ibles gpsnports ags s I APPYHousl y while a pattern

inparted to the iﬁibﬁ?&?ﬂt@%ﬁdﬁ&%ﬁg@ﬁﬁhﬁ%&?@é@%%fﬁt*p’ér\ﬂ?éreiﬁ(affehﬁ@pgrtfoh-o@- a

si ngl e dynam c expos Ity an rection of the substrate table
WI or " substheatibstsutgapay bé caveradtbivnediquid bhingsanefativelydighefracteve(ivdex, e.gasider,

table) MI or "mask. support" may be determ ned th de-)Ymagni fi.cati op and
| rge 1 bver €1 Bril BT Pemers thebrpieie S it Pt AT G
the maxi mimyg %&o%_abp&mmrsgaéeg & helliibokabhidWpphtafis) fdricRathPR, between the

non-scanni ng direction) of the target portion in"a single dynamc exposure,
wher eas t henlaghagnidthe prajémsionsystminn nmotsicortechaiguesarelee vded th Eickgase ten t he

- scanning di El?llclgl‘lic%? ;pe?‘{uré Qie pr%flercggﬁ s;Ps?erntlsl %lic term “immersion” as used herein does not




[0039] 3.In another node, the support structure (e g. nmask table) MI or
"mask support" is kept essentially stationary hol ding a programmbl e
patterning device, and the substrate table WI or "substrate support” is
noved or scanned while a pattern inparted to the radiation beamis
projected onto a target portion C. In this node, generally a pul sed
radi ati on source is enployed and the programmabl e patterning device is
updated as required after each novenent of the substrate table WI or
"substrate support™ or in between successive radiation _pulses during a
scan. This i@ byt aghusHEs, éwhcaéﬁSﬁ@t%mwybeaﬁylbmewd%hwm%§%h¢r|qn%bgr aphy
that utiliz nahl. igg&a J 1:C8: A0pahle m nor
array of a @%@E%E?gﬁ?rlgl to g%tg‘)\?ggthg%%g&wf%g%g? a‘%%@%ﬁgt&f ons ard/ or
vari ati ons ampdduec.above descri bed nodes of use or entirely different nodes

of use may al so | ayed. . 0Q41] . Fi e 2. shows_an active danping
system 1 conf | guﬁi@%eg%ﬂP$EﬂFlﬁPlr_§1y 1% P‘]E"‘!)‘a@glﬁrar?ﬁeﬁ’j‘a%ﬁﬁd&?ﬁmg §?‘Brﬁ°2n AThe
danpi ng devigRatlon ouRle @, dBE sbiitcdd¥ tH AfobRBhabrhiaY mdl bb BaRit@bfRifes For
system 1, and therewth holding the projection system1'in a substantially
stati onary pashpleorhenihe soureslis améxaimeressr. Insuth casesathe sbimgass nntgondidared foons,
for instance caused Jjovenents of, the, patterni devi ce rt_or

subst rat oSBT Shiay HERERPE et it PR Ao a bashyRR Ml spfeg SO
desirabl e t hgthetil@nibeir 8L Wifths ¥id bf Bbéarl delRirf systend BELIRShAME] Bk k¥ample,

stationary position, since novenents of the projection system2 nmay cause
i magi ng er r riéabledireting nfiveny andrari? beamnexpenilern egthercaapes the sonecermay be st

t f i j. 1 t i ; 5 .
provi dea.  meat R S6E [AfeRKab BB u T ASbp LT R G hérot
accel er at i oThe efgo¢ SO,and tieaillim@lak@ LB éthd: vaistdthe beada tddiddedy system BD if [ 0043]

The accel eration_sensor 3 is confiqured to neasure accel erations of the
proj ecti on &&aEHIEdmay be igferred 4e #5 HrAIAIPREFEFBN. The controller unit 4 is
configured to pre : Gl basi

accel eration. Th@ﬂggﬁ?rﬁ%ﬁﬁﬁlgﬁgfﬁilggﬂélgﬂ{agtagﬁdjgg%t?g{mﬁgﬁhl CE gﬁ%?%es a
force on thengilajisehsityrlisybutizmo theradiatibrn bai. Genaplhn ai least the ouke and/oemnerd
di sturbance force to danp out any novenents excited by t_h? di st ur bance

force. radgd gutent (ppmmealy xpferred i pheroytsy red otingg, IBpRsRRVSLY dfitheamiensityn) v
provi des dappj 40 [ i i @h%g ' it o ' to
provi de a dg%—l[b%ablgé@? @ﬁéﬁ %%)lﬁﬁj%flr}%ggfu%%m anp b%o%a u%r%ﬁ"t% afigﬁ%sﬂb%ggﬂﬁn%#@h?

di rections I mhgireheeivagodsuth® compsentkaseh agaidvdgeas: MNauandanpnddisem@Y Ntent s
in two or npre directions. .1 0045] To. exert danpi ng forces. on the
proj ecti on Ylsianer marbeusedde spndition thp Fsiation hegmalodigling Bpsife gl igrmifhind, | s
only mechanjgaldey as 864 Bfitd QolsNBc@sii uator. As a result, the actuator can
only exert tenporary forces ang no per manent forces. However, permanent
forces are nor naji$5nDhe rdmiior Hean Bris invilepoern thie patteroimrdelics (sg.emasie MAL y

used for danpj of nmovenments of the projecgti tem2. Alternatively,
t he reacti O%B?%@d %@WPPQI'&W@F%‘S& agﬂ"‘igﬂ’) @éﬁ@g ﬁ?qtﬁ@eﬂﬂ’? r aphi ¢
apparat us, ffferdif{s4&RGE Having ¥ Fers¥hint RatiGing del i £65dsk) NI\, R ARBAGBA

f orces.

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



[0046] In the interior of the housing 7 of the projection system2 a nunber
of lens elenments 8 are nounted. These lens elenents 8 are connected with
limted stiffness to the housing 7. This limted stiffness acts as a
~spring. For increasing frequencies, the lens elenents may becone decoupl ed
fromthe housing 7, in particular above the resonance frequency w th which
the el ement is nDunted to housing 7. As a consequence, the relation between
‘force and resulting acceleration has a relatively increasing gain, i.e. the
accel erati on becones hi gher when the sanme force, but at higher frequenC|es

i s applied. supportsthgou? eEunga;kéabwM’Smﬁmw@mém@éh%pf Elopgioks Be ‘BP
the t fer, bet f
D o et RS L0 S SEGRIAAP e PP A 1 phfces

Ion typlca nsi s a serres
ant i - r esonanfe{ peRavaRRCRVRe P [Sdnilans,, Wetﬂenaomamﬂ;s&memmhe'tsmmeg and

+180 d b F F h B | h
e et TR b R R SInE B UL FToE T 08 Aghort-HEPHeEHAETG SR BT
decouples fr %ﬂ@ger unﬁtﬁesgonerpw[ @%l a%mg ﬂg&l aEB dEQd’ﬁ)”EPsE?:taﬁn&fth%h's

system a contr rovi rat or behavi or
(1<Jds). |In a&uppsmsthiciee emgonhslmawe; Mmuiwbeswnmamcbtot@qheﬁ-strbk@mmm dndy,or may
al so be applie

100491 A h t d t of, thi
control syst‘%‘?ﬁd]?esﬁ’éqqowwn f‘gﬁﬁf@g Eeﬁﬁﬁ)mgg&@ggﬁe% p ghg?;gtué#g%%?k
beconme unst gl eﬁqﬂsﬂcﬁlvhy M2 D B8R} NSRS AIES P PEQ&I'tBbuﬁHE{d Sabstfas

hi gher frequefcies, while the phase shifts between 290 and +90 degr ees.
However, at &memomu‘ks ashdiuﬁmg@qmpy delieated tat@opettigne 8wy niayrbe lneatechine

b f | t t 8
ampl i ude. of PSS OEPRRR ST POEDs (pese ke R it AR e S SR

the mass of j E'i@uéh%ﬁ&rﬁblﬁeﬁﬂfoﬁe Banbhd didesprepided oh @i dhk Mgw deltfask alignment
instability maéfoccur as the phase crosses the -180 degrees while the

anpl i tude i snarks gay be kngated bamreen the dieg 0050] However, as there are many

eaks above the
Penrsaotre, e Qo ok oMbl Bonf nPRsgt Lsedte REOBIES s Sl grle
at hi gher frequengassg.i. whi |h€stb;|51ﬁ‘10@6,l the fipottstuames(eat nakietable) MET ow‘enask
frequency will still be too hi a result, the resulting. systemnma

h.
still be unsepmsrd andséhfewhwayetagle Wapr Besbslniy suppart i Kep FSoeial SHH0RED D ¢

for the abo
frequency o}é&éﬂ?jfi t&%ﬁﬂ& w pass ?ﬁfi%r%%&t %L}%} o E{eglgﬁﬁora]ag f}iﬂ&{sut)%g atta
system one txﬂﬁ%ﬂe}. aAmgiHsﬂamgaxpmsmj ‘Ehbanbistrata tabdd WiThe "prbstatetsuppore ng them,

it is propose ppl y rtial er filter so that desir :
frequency, ]Hg ‘% gﬁwﬂzﬂﬁ FEsclpR ‘g‘ftﬂe‘sgéﬁq“é%@%l?ﬁw ?’é‘?%f’qﬁg"gﬁ?oo

| arge phase f F‘?g“ﬁ indped2]
For i nst ancgﬂal 3 lﬁ - or@g%&%f?g?%%pfr?%s?gléﬂgﬁiﬁgigtgﬁlé?ﬁg?mgntco -45
degrees anditpa giagle sstiopepasiire: 10 dB per decade Such partial order filter
may provide a soluti when sone gai attenu ion t there is
no possibility tk)‘ﬂ] onducB’sé’aT“ﬂ“gF @?a@mﬁ furey %Bmafégﬁ%g%%‘?ﬁ REsa%n; 1 ¢
woul d resul kydnRrdBnd' i kARt Gtet¥51E ST 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
suppdt’c" 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 maximﬁm 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 sca;mﬁng motion determines the height (in the scanning direction) of the target

portion.



[ 0053] A practical application of a half order filter unit will now be
described. A first-order |lowpass filter can be described as: H(s)=co ,
5+0.10 A half-order | owpass filter then has the transfer function: H(s)-
,Arcrio Vs+ we However, every known inplenentation only is capable of
using polynomals ins with 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 inplenentation of the filter. To do this, Is- is

appr oxi mat ed by ransfer function in s having integer powers of s only. A
possi bl e net hod ﬁgﬁ%ﬁ«?' " Ne\ki‘@Pt%ef@%ieawpé‘wpf)ﬂts%ﬂ‘fwi’esieﬁe@éﬁlﬁtb@é) Mg:or "mask

"Vei sstein, ghhhdri¥ keptleWe il sltéh%ﬁgxtyi H&ﬂfing 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, generaliy 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
mizror array of a type as referred to above.

' [0040] Combinations and/or variations on the above described modes of use or
entirely different modes of use may also be employed.

[0041] Figure 2 shows an active damping system 1 configured to control the
velocity of a projection system 2. The damping device 1 is provided to minimize the

| velocity of the projection system 1, and therewith holding the projection system 1in a
substantially stationary 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
impaging 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 confi gured to measure accelerations of the
projection gystem 2 in at least one direction. The controller unit 4 is configured to provide a
control signal on the basis of thé measured acceleration. The control signal is fed to an

- actuator 4 which cxerts 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 éingle direction. When desired it may be possible to provide a damping device configured

10



From Mat hWor | d-- A Wl f ram.V‘-éb .Resource.
http:// mat hwor| d. wol fram conf Newt onslteration. htm ™. Here, it was observed

that if x =, then x2 = s and hence Now, X is determned in an iterative
process, by taking the new x as the average of x and S Xk+I -(Xk 2xk For
example, if a start value xO =1 is selected, then x, = -1(s +1), which is a

first 2 approximtion of Ls .

to damp movements in two or mofe directions or to provide two or more damping devices to
damp out movements in two or more directions.

[0045] To exert damping forces on the projection system, the actuator is connected
to & counter mass 6, which is only mechanically connected to the actuator. As a result, the
actuator can only exert temporary forces and no permanent forces. However, permanent
forces are normally not desired when the position control system is only used for damping
of movements of the projection sjstem 2. Alternatively, the reaction forces may be
transferred to other parts of the lithographic apparatus, for instance a frame, which would
allow exerting permanent forces.

[0046] In the interior of the housing 7 of the projection system 2 a number of lens
elements 8 are mounted. These lens elements 8 are connected with limited stiffness to the
housing 7. This limited stiffness acts as a spring. For increasing-frequencies, the lens
elements may become decoupled from the housing 7, in particular above the resonance
frequency with which the element is mounted to housing 7. As a consequence, the relation
between force and resulting acceleration has a relatively increasing gain, i.e. the
acceleration becomes higher when the same force, but at higher frequencies is applied.

[6047] 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!resohance 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 control the movements of this system, a controller unit 4 is provided
baving 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 beoorﬁe 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

11




34 + 28s3 + 70s2 + 28s +1 Next approximations would be, x, = s2 + 6s +1 ,
etc. 4(s+1)-8(s + I XS 2 + 6s +1) Note that if x = p(s) , then xk+, =n2 (s)
s 9,2(3) , allowing to cal culate approxi mations q(s)2p(s)qg(s) of Irs with

i ncreasi ng accuracy. Hence, a transfer function containing nunerator and
denom nator polynomials in s arises that includes a nunber of iterations to
obt ai n an approxi mati on of [ 0055] When inspecting the transfer
function that results fromthe above procedure, and using it as a

hal f-order integrator,it can be observed that indeed a -1/4 slope occurs,
with a phasereaeinsbighdeghigher fremmencies poikE mess ofthe feng elemsats 5 will decouplg&om

;E;;]t ered ar Qt'i‘l@ﬂo&sh{gat’ij,/ h?stfgb(flit}%eljzggcmeasqm }f)l{a%n cx%s'é%:é 21 g’&dég%gés%v}ﬁ% tgg 5105
| amplitude is larger than 0 dB.

[0050] However, as there are many peaks above the 0 dB, it may not be possible to
introduce a first order low-pass filter, as such filter will introduce 90 degrees exira phase lag
at higher frequencies, while the gain for instance at the cross-over frequency will still be too
high. As a result, the resulting system may still be unstable, Generally, it may be very
difficult or even impossible for the above described active damping system to position a
cut-off frequency of a first order low-pass filter without obtaining an unstable system.

[0051] According to an embodiment of the present invention, it is proposed to apply
a partial order filter so that, at a desired frequency, the gain of the system may be decreased
without obtaining a too large phase shift and therewith obtaining an unstable system,

[0052] For instance, a half-order filter may provide a phase shift of 0 to -45 degrees
and a gain slope of -10 dB per decade. Such partial order filter may provide a solution when
some gain attenuation is desired, but there is no possibility to introduce a first order filter as
90 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:

Dy

H(s)= .
5+,

A half-order low-pass filter then has fhe transfer function:
V%
NERTON

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

H(s)=

integer coefficients.

10054] 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, s is
épproximated 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™

12



[ 0056] However, in the application as active danping systemfor a
projection system a higher frequency range is of interest (e.g. 10 to
10000 rad/s). In this case a better approximation nmay be obtai ned by
multiplying all poles and zeros in the approximting transfer function by a
| arge nunber, for exanple by 3000, which effectively shifts the center
frequency around whi ch acceptabl e behavior occurs from1l rad/s to 3000
rtad/s (or fromO0.16 Hz to 500 Hz). Note that the resulting filter stil
approximates Ars . Alternatively, a start value other that 1 in the
iteration prEnaﬂﬂﬁﬁ@ﬂhﬁ%b@VhﬁﬁmﬂﬁNébRﬁmmmmnbserved that the resulting
filter wll show acce behayi or around he.frequency equal to the

i teration sﬂgﬂPmﬁﬂﬁﬂ@Ha' f@@é?i hmﬁbprOX|nat|on of a half order
integrator was shown. To create a half order | ow- pass filter, Vir is
replaced by ]3 + coo, or in other words: all poles and zeros of the
appr oxi mat i orerefit Aagobsgrgdshdtfif ed over a distance - coo in the s-plane. The
resul ting Bode plot for four gradatlons of the approximtion (leading to

filters of t}ae@dgéng =4, arfdl ek 3;6;_respect|vel y) are shown in Figure 5.
It is shown that even a | ow or der approxr mati on (4th order frlter n=2) is

relatively curate ca as a.p Lal order fi 81
[ an o ter Al e Eadtmiele REe BoRet B e RRRSH 4 1 4 yrras of e
applied. Forginstance, a hrgher roll-off can be obtained by using, e.g., a
2/ 3-order fitter. This would give an average phase shift of -60 degrees,
which woul d §till be feasible, since there is still 30 degrees stability
margin | eft when conp@red toya first order filter unit. Following the |ines
for the half-ordex,i-at g[abgﬂ if x=, then x3 = 52 and hence x = s2 2.
Again, x x 52 is dete? ned:i/n an iterative process, by taking the new x as
t he average of x and

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 +285° +70s% + 285 +1
Next approximations would be, x, = , X3 = > , etc.
4(s+1) 8(s +1)s? + 65 +1)
Note that if x, = 2s) ,then x,,, = P8 +5:9°) , allowing to calculate approximations
q(s)” 2p(s)q(s)

of Vs 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 }{/— , it can be observed that indeed a -'; slope occurs,
8 : : .

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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182 = Xk - 2xk2 For exanple, if a start value x0 =1 is selected, then x1 =
1 (+1), whichis a first 2 p3 (s) s2 els\ approximation of s . If x, = 145)
, then xk., =. Hence, a transfer q(s)2p2(s)q(s) function containing
nuner at or and denom nator polynomals in s arises that includes a nunber of
Iterations to obtain an approximation of s . Filter orders are now 3, 9 and
27, respectively. Because of the above iteration fornula's, orders tend to
get higher-rapidly in this case. It will be appreciated that other order

partial filters may al so be .appli ed.
frequency around which acceptable behavior occurs from 1 rad/s to 3000 rad/s (or from 0.16

Hz to 500 Hz). Note that the resulting filter still approximates Js. Alternatively, a start
value other that 1 in the iteration process could be chosen. It was observed that the resulting
filter will show acceptable behavior around the frequency equal to the iteration stari value.

[0057] Above, an approximation of a half order integrator was shown. To create a

half-order low-pass filter, v/s isreplaced by fs + @, , or in other words: all poles and zeros

of the approximation of Js are shifted over a distance — @, 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 shown in Figure 5. It is shown that even a low-order approximation (4™
order 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. Following
' 2
the lines for the half-order integrator, if x = s% ,then x* =s* and hence x = S—z Again, x
x

2
. . o . s
is determined in an iterative process, by taking the new x as the average of x and —: -
A x

X —1 X -41-S2
et = — -
+1 2 [ xi

For example, if a start value x, =1 is selected, then x, = %(s2 -|'—1), which is a first

approximation of s/ If x, = 2) ) then Xy = Pis)+s” g’ (s) . Hence, a transfer
a(’ 2p*(s)a(s)

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

, | ) _
number of iterations to obtain an approximation of s/g. 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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‘[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 1/2-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 approximately -60 degrees, while the conventional first order '
filter has a phasi@05¥i Figuref6-sh6wsle gompsrisoRlpetwrsn a prior aft fegjwsdasilew-pagsailters he

cut-of f frequency.the in has.a slo of 520 dB.nper de f.oFr first
order filter ,n%&’ﬁ%tf%ﬂdﬁ?gﬁ’éﬁ'yasﬁ Weﬂﬁcﬁg‘ﬁn%%’ct qEF Igt} T P aﬁé‘?‘ﬁ%oar}?g% Jp% ter and
appr oxi mat el phw-dazs BReRfld adgs-afRr [ -phdiilidt g Qésistedfabbi@ The Y4-order Fit€Ghi
Figure 7 shows the results of the application of a half order |ow Bass

filter unit Addrderifidigrsyuse e tirdsordeanpresimation, iresutting in pllerorders okl a0A 26 gur e
2. The Bode Iott9f1 Figure 7 shows the plot of the open |loop control system
of Figure 4 ROUt a | ow-pass filter, with a half order |ow pass filter
and a 2/ 3 order |[Q06(]as sard bd se@f that¥hk hhld\orden Sittef has aghaseshifeofapput-ambtely -45

frequency of 100 Hz. The filters are gain adjusted gbjah t hat zit 500 Hz, the
anpl i tude f olegEses, the JBoriie filisea Bhare shtALaPREAyImtEly 80 deerPeaBPi8HS Hy t he
danpi ng pr ORGH L Al frsler HPRAsANAR ALY 0O kEGALL PR, fobrepitiolbove

| ow pass filters. There 1's even so i nprovenent. as the 1owffequency

anpl i t ude habe turcsféfsqebnbethepein Hh6@ shipd of 0 dB per dehadef for thedfirstraiderdilist, t he

partial |ow pass. fil}er re and_ 9, respectively, for the 1/ 2/ 3

order filterd@pProxmalg 'ﬁé dgé’éﬁg‘?"ﬁg‘? forhe %ﬂiﬁﬁgerpeé/lgq{ anggpxgg:éwa,tég &%‘ggg%rough

to ensure a&%&@&&ﬁgm@ﬁﬁ&ygh the phase crosses -180 degrees, since
subst

the gain is antially snmaller than 0 dB. [0065}]@ For an active
danpi ng syst em udDoel]fRigut dchows thewesslts ofthacoplication pHa half order kavt-pags dilter

force, a genetal ,problem..s the..incregasi in fof high r j due
to de, cougl iy Wgrlr‘é‘ggaﬁsr?/ f ‘H‘Qefoﬁ}}eéé? E[egy%gmgg%%afﬁlﬁﬂg% ?f&ﬁﬁg‘g}gﬁfﬁfﬁg“}l "ng
usi ng a pri ofshak tifd plber ttétipln lodpRShtralySBinl I Figupes dikheuteMew-usé filtat with der

filter already introduces 90 degrees extra phase Ialg, | eadi_ng to
i nst abi | i t y halfiordesdowgas filkler anpar(3 eidenlowepass filtere Alldeworags filjers daygppcutoft

i nvention be_ an ctive.alter I | £l j
all ows filt %H&’CH\Pﬁbg@aﬁé%ﬁlﬁfééﬁ#@%mﬁ%ﬁ%ﬁ&ﬁﬁ%%&s%ﬂ% ﬂﬁ%%’{s"émp‘éég%tsau
only a fractyfgisthe YhdITHERRY, utodt 1dagr508 Hyahé dangieg pfdpkities aretrioe dgibasrated

shift equal S approximately.45 degrees, |nplenentation of the artial order
filters usedyfpplicationgfithe partisbioyromisdilters. Jhereds e‘f%rﬁe{qedwpﬁ%"ﬂéﬁgt 8t Ber

sui tabl e transf Wely . ¢ Ted(908 Hz Oftiehltdciokdesd 5 hOT SX
(2/ 3-order ?«?\?#ﬁé@%@%ﬂﬁ@%@%&ﬁ%@%ﬁ%@g@% dastsﬁgtgiezen shol\t/vrﬁot hat the
appl i cation F@l&iaalopsapasjs @llteraetes arfd 9, r&spectiviety, for thehahd 2i3airdentfiters. Heapbassen
shift of a first order filter unit is toqg |arge so at j npl.enent ati on of
such first &haigre § ke peakfigs be%@ﬂgcheeggugkbtoaqﬁlgtgﬁgﬁ P%Syévg{)@ﬁiou&%%#ﬁﬁe a
partial fil ni A - weghars tphasa.shift, may be

obt ai ned. At°§;a3? i21$0 ?%?eg?s‘ﬁ%tbe%lﬁqg%bgfagga pplied to increase the

bandwi dt h of a pg¢eia2] dor aomtive lampsiaystemiusig feddbagkhalareasinefl aceaeratian tagn
fromthe applicatioon of filters i

is no |onger restri,cted_.by steps,of-90
degrees per agiaieF fosee, @rggnerpl gra le’iﬁ'n‘ﬁ{&.le mcregsm% %?3%% fhl%l?eéif?‘?ﬁﬁ%%%%’ WGPi al

order |owp ) | ih &t REBOISRSET WaRH 16Q-paRPoNdR: RafRS Pi® art
advant ages gﬁ&ggyﬁgfmgéyd}é?hfiyt er units. Partial order _friBI%t er unll&tis and
t hei r appr ofilteptnibisniobyn oticnphetause eves fadirstfardetiiltsn sireadly intredpceedQ desgedsor

any other type of filter units s band-.pass_f.ilterss Ni
T cor oo of R, phast lae FaM Bt ebiu iR iRl S Reript e ufiRETo e
order filtefRhbSmay Be a6 YRALRESMEnative. 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. for a

‘half-order filter, the phase shift equals approximately 45 degrees. Implemen_taﬁon of the
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[0065] It is remarked that the position control system active danping

devi ce according to an enbodi rent of the invention may include, next to the
partial order filter unit, one or nore filter units of first or higher
orders, i.e. second, third, fourth, etc. Such conbination may be applied as
a series of separate filter units, but also as a conbined filter unit for
instance a 192 order filter unit. Such conbined filter units are regarded
to be a partial order filter unit according to the present invention.

[0066] Al though specific reference may be nmade in this text to the use of

| i t hogr aphi ®agjsbardgr filiers wsester msiandecrcpalynoms! tragsfer funcieroot ahytssharsdidabde ood
that the l|ithographi c apparatus descpi bed herein may have ot her

appl i cat i ongransfecfunefgort that ammxﬁma:t’emfe; (hifiondez diliat)ect oPt(RBadrdsylta)rs,

id d det j tt f tic d ies,. flat- I
i splays, 11 qui o 00638 HiefelegOur s besarshon it icrplisavan aGe pertinbaider Hattc.
The ski | | ed \@fitd 6éaRa¥] WhEPRE BRissRift 8 first d}déﬂlﬁte?gfg? gs%%o Paf,r%eféebsdﬂﬁt |

alternative applications, any use of the terns "wa r erein my
be consi der adpkscsipiomphowh finsttonder Higtermariewgdd dezdl to e ingtabls syséann. 83 elsing a

"t t ti Y i ly.. T bst f t h i
or ocossen. BERBHEGEREERY Btk stC oD dRB pePrast by e AR gk
typically appitinfs asolbaypplied oGkt tﬁ%ﬁdﬁ%&fﬁﬁ(ﬁﬁi%ﬁ%ﬁﬂﬁ@&,%ﬁ% fgposed

resist), a netrology tool and/or an inspection tool. ere applicable, the
di scl osur e pbaseishifrrgsulties Gppl theaplisatianc! flists isnh dongeutssiricted dystaps €6 A0ng

tools. Furt t may. be processed nore than once, for exanple
in order toHg g%st%?gﬂ#gﬁftﬁlg latﬁre?ﬁ‘l?'c, so that the term substrate used herein

may al so refer t{084FHoteinabbee, phitial eddecidtypae9 filtaiists Kivd haeh dediiB6d SSddw
| ayers. [0067] Although specific reference may have been nmade above to

the use of HwgwaTheadanirges pEpariglndqrditer pnits) Barsialardsa filsr uaisy anddheir

| i t hogr aphy, it Wil )LRG i ' k.0t her
appl i cat | onerpelibn i ARREA EHEr b HRlns bR AT BB p s URERC s

al l ows, i s umits duchrad shdtpasofiiére dligh pdsh Gidreapéry, wieieih s dbote déscibgt aphy a

t opography in a patternjng device defines the pattern created on a

substrat e. Wq%ﬁBb?%g]&h?P@ﬁa]t% erflier apits g 24 ANAg8O¥ay be pressed into a

| ayer of resist  y lﬂlksl% i L ured by
appl ying el ectr oﬁ’nggﬁeltt?%e%faarﬁegﬁ agn, c%;g%o?l c%?gasl?g%{gﬁﬁcﬁge %%ﬁ%lﬁ%g%?%él’;\ '

t her eof . Thaccpalingtorit epbddinieneofithe mvemitbnondy iatluté @extds tistpattehuidegibemmit er n
init after the resist is, cured. .. 068] The terns 'radi ation" and

" beant - usecPHRaRTTe Ghen S HEfor bigbes oot e St PBbL APl sl Sfon.

i ncl udi g udoiiRhGhayBdpplissihed iefds bseParaftAiiid nfls, BRVALERGT Loriing] sioU
365, 248, 193, 157 or "126 nnm and extre ultra-violet (EUV) radiation
(e.g. havi n¢gpitfonmsenesaytih oider filker uniin§echofonthid filiey pnisreveighrdad tqkara partiad

beans, such ﬁse@?n b?ams ol «?I&lctron beans. [ 0069] The term "l ens", |
where the cBfText™ M1 89T Hay’ Ep’é‘?sf’?tdn‘éeﬁg(’%ne_ or conbination of various
types of optical[ogegIneineih s%)écﬂﬁ 1B Eite ey 1RGhAdESn g;ﬁi?féx?fbttht\!ﬁse argnetic,

el ectromagnetic and el ectrostatic optical "conponents. [ 0070] While

speci fi c erifbegramii¢ apnsfatesia thewmenfaenrend\ies. Heshoulidwomdpistpoditleathe i t wil | be
appreci at eqd. Lhe i nyentior be practiced otherw se than,as

descri bed. qggggq‘ég!%ﬁ%qp&ra\f?%%es %Fgﬁ%éfedlﬁ“ﬁﬁ%a\’ea‘%@ertWgn?@roﬁ‘?’g’fm%asc%ﬁput er
program C0ﬁﬁ@dﬂﬁdﬁﬂ_e@ﬂﬁt%?at@@bﬁi@?%%&?ﬁui@ﬁndﬁﬁ&H&@ct[&é}ﬁ@t@hﬁ forbgnesiti ons
describing a nethod as discl osed above, or a data storage nedium (e. _

soni conductdsmaememgTics flghpanch displapp fiuidt crytalitsois (HGDEw Stin-dlmaTmens

t i B . 7 Lpti : intended t
De O Fvue o, T Bt il ) DR, (I HHRLDEN BRYSIBEBAR OS¢, 0
the art t haippligibhs, any wens thewerhe “walde’ drodidteieiy @Al bo Bordsdcaebay | bed

wi t hout departing fromjihe scope of the clains set out bel ow .
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 examplea

track (a tool that typically applies a layer of resist to a substrate and develops the exposed
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WHAT IS CLAIMED I S: 1. Acontrol systemfor controlling a position or
position related quantity of a projection systemof a |ithographic
apparatus, conprising: a nmeasurenment system configured to
measure a position or position related quantity of the object;

a controller configured to provide a control signal based on the neasured
position or position related quantity; an actuator configured to actuate
the object based on the control signal, and a filter unit
configured to filter the neasured position or position related quantity,
wher ei n t he fekibf), @ metilbgy ®obarpligrtandhspetiter tobli. Mteare apyilicable, the dis@losuTtgerein

or der i1 ermihpe applic to sish @ AeD AP GHE SRS BHHEPO b1 B THeL P BH TR

controll er CQAPILeIGRod hdnUrkcd! 18F lank Ol Gllertd cheate 2 multi-layer IC, so that the term
substrate used herein may also refer to a substrate that already contains multiple processed
layers.

[0067] Although specific reference may have been made above to the use of
embodiments of the invention in the context of optical lithography, it will be appreciated
that the invention may be used in other applications, for example imprint lithography, and
where the context allows, ié 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 resisf supplied to the substrate
whereupon the resist is cured by applying electromagnetic radiation, heat, pressure or a
combination thereof. The pattefning device is moved out of the resist leaving a pattern in it
after the resist is cured.

[0068] The terms “radiation” and “beam” used herein encompass all types of
electromagnetic radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of
61' about 365, 248, 193, 157 or 126 nm) and extreme uitra—violet (EUV) radiation (e.g.
having a weivelength in the range of 5-20 nm), as well as particle beams, such as ion beams
or electron beams. '

[0069] The term “lens”, where the context allows, may refer t0 any one or
combination of various types of optical components, incl‘uding 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 d_isblosed above, ora

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

computer program stored therein. .

17



4. The control systemof claim1l, wherein the partial order filter unit
conprises 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 claim1, wherein
the position control systemis an active danping system 7. The
control systemof claim1, wherein the actuator is arranged between the
obj ect and a proof mass, the proof mass only being connected to the
actuator. 8. The control systemof claim1l, wherein the filter
unit is a | ow pad807]I’Eherdescriptions at®ve Araiatchdedl tofbeiilixstratind, ngt limibimgdihus, it of

a control sys: accordi ng t,0,any .pone. of the clains 1-8, rein the system
conpri ses p%@l}ieD iaRBafS“‘ﬁ P |og %?huﬁ4]’¥‘,tﬁ? %&ﬁ Wgﬂﬁ%ﬁthcﬂs T lﬁd“%g%ﬁﬁ lﬁYenﬁP’aéf‘
filter unit.described withQut ddpartimBiifeasteiscsperiMlaintiatedt bBloayvi di ng the filter
unit conprises providing a rational transfer function approximting a :
partial order filter unit. 11. The nmethod of claim 10, conprising

shifting the frequency range of a transfer function to a desired frequency
range.
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12. The method of claim 10, wherein providing the filter unit conprises
adjusting a gain, wherein the gain for a desired frequency is naintained
substantially equal before and after application of the partial filter
unit. 13. The method of claim9, wherein providing a filter unit
conprises choosing the partial order of the partial order filter unit based
on frequency shift and danping characteristics of the partial filter unit.
14. A method of obtaining a stable control system according to any one of
clai ns 1- 8VHindg €ILAIMTED §:st em conpri ses providing a filter unit, the
filter unit being a partial order filter unit. 15. A nethod of

i ncreasing a bandwi dth of a control system according to any one of clains
1-8, wherein the Syﬁtc%ﬂ%r@l%?méﬁﬁ@xscohirbﬂiﬁg lap@siflos OFpdstlonstiaralquaitifioRa par ti al
order filter unit. ~16. A control systemfor controlling a position
or positi omiscdpaswtenyobntiibpgraphic apparajie 6MBASIBEst em of a | it hographic

apparatus, conprisifg.,crement 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

a filter unit configured to filter the measured position or position related

quantity, wherein the filter unit is a partial order filter 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 nmeasurenent system configured to neasure a position or position related
quantity of the object; a controller configured to provide a
control signal based on the neasured position or position related quantity;
an actuator configured to actuate the object based on the control signal,
and a filter unit configured to filter a signal associated with
the nmeasured position or position related quantity, wherein the filter unit
is a partial order filter unit.
8. The control system of claim 1, wherein the filter unit is a low-pass filter.

9. A method of increasing a bandwidth of a control system according to any
one of the claims 1-8, wherein the system comprises providing a filter unit, the filter umit

being a partial order filter unit.

10.  The method of claim 9, wherein providing the filter unit comprises

providing a rational transfer function approximating a partial order filter unit.

11.  The method of claim 10, comprising shifting the frequency range of a

transfer function to a desired frequency range.

12.  The method of claim 10, wherein providing the filter unit comprises
adjusting a gain, wherein the gain for a desired frequency is maintained substantially

equal before and after application of the partial filter unit.

13.  The method of claim 9, 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 partial filter unit.

14. A method of obtaining a stable control system according to any one of
claims 1-8, wherein the system comprises providing a fiiter unit, the filter unit being a

partial order filter unit.

15. A method of increasing a bandwidth of a control system according to any
one of claims 1-8, wherein the system comprises filtering a control signal with a partial

order filter unit.

16. A control system for controlling a position or position related quantity of a

projection system of a lithographic apparatus, comprising:
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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

a filter unit configured to filter 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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