-1- Control System Lithographic Apparatus, Device Manufacturing Method,
and Devi ce Manufactured Thereby. The present invention relates to a control
system for positioning neans conprising: - a setpoint generator for
calculating a desired current or vol taggl_f or supply to said positioning
means according to a desired position and/or derivatives thereof of said 5
posi tioni ng nmeang; rolder for outputting,a.signal.to he lied to
sai d positioni ngé%%ﬂggy%%%'@’oﬂf@l?or%ai’%wslAapl%(?r%télg’iq?eevéc eclg[?‘f"é% caglmgllg#pg) é; and -

at | east oprd PRVROMANIfadtRAGLTh&GbR Present val ue of current or voltage;
wherein said controller is connected in a feedback | oop such that the

controller has as its 10 input the error between said desired current or
vol tage and said neasured current or voltage. The term "patterni ng neans"
as here enpl oyed should be broadly interpreted as 15 referring to neans

that can be usedrfdp8aaeMvaRtidneRBsiQa tatdkystin RRPIEohidgdndaas t er ned
cross-section, corresponding to a pattern that is to be created in a target

portion of carhprisisgibstrate; the term"light valve" can also be used in this
context. Generally, the said patterp. wll .cqrrespond to artjcul ar
funct i onal - | ayer® FpocReDRetr bt A Binke g <bretergeses ToERPPBS “Clch as
an i nt egr abgekiidCHbdns QEcREE to F8MiCE pbSiBEn BR) A WerivEIRIRI LS R sgych 20
patterni ng nmeans 1nclude: - mask. Tﬁe concept of a mask Is well known in
| i t hograaphpgsitamihg meamcl udes mask types such as binary, alternating

hase-shift, and attepuated phase-shift, .as Il as . vari.ous hybrid mask
b ypes. Pl a’cerrentaff’fmré’ﬂﬁrﬁft(’éo gﬁzmsﬁStaﬁlélttPé?aisgﬁmlﬁ@ﬂ i 3P RS i Rs MEdSect i ve

transm ssi gofdidl hREdRSIFedlur@nt SRS ahye mask) or reflection (in the 25
case of a reflective mask) of the radfation inpinging on the mask,

accordi ng i 0 t heat lgaat drersanson farhecasasig a prasenhealsasfcunfenbomadtage;t he support
structure will. generally he a mask table, ich ensures th he mask can
be hel d at“ETgESAHGaR5Rerds BHmReicd Heoo e ong SPedtinat g domaair s ohat |
can beygrovgdui gl atdMenk@nldf RERA ddredPorvoltage and said measured current or

voltage.

The term “patterning means” as here employed should be broadly interpreted as
15  referring to means that can be used to endow an incoming radiation beam with a patterned
cross-section, corresponding to a pattern that is to be created in a target portion of the
substrate; the term “light valve” can also be used in this context. Generally, the said pattern
will correspond to a particular functional layer in a device being created in the target |
portion, such as an integrated circuit or other device (see below). Examples of such
20 -patterning means include:

- A mask. The concept of a mask is well known in lithography, and it includes mask
types such as binary, alternating phase-shift, and attenuated phase-shift, as well as
various hybrid mask types. Placement of such a mask in the radiation beam causes
selective transmission (in the case of a transmissive mask) or reflection (in the

25 case of a reflective mask) of the radiation impinging on the mask, according to the
pattern on the mask. In the case of a mask, the support structure will generally be a
mask table, which ensures that the mask can be held at a desired position in the

incoming radiation beam, and that it can be moved relative to the beam if so



-2- desired. - A programmable mrror array. One exanple of such a device is
a matri x- addressabl e surface having a viscoelastic control layer and a
reflective surface. The basic principle behind such an apparatus is that
(for exanple) addressed areas 5 of the regflective surface reflect incident
light as diffracted light, whereas unaddressed areas reflect incident

| ight as undiffract.ed light. Using an appropriate filter, the said
undiffracted lig SN be filtered out of the reflected beam | eaving only

the diffracted |ightoghehddh mirfbriahhp OROBGIMpIS bEsubRadHES RMBRatARL t er ned
according to the addressing pattern of the matrix-addressable surface. An

10 alternative enbddisablnsuddcedapinggrviasoeliitie coitrgldayen amdiy refleptiveysairfacarat ri x

t of ti 1. \ h,of  which .be ipdividually tilted about
an axis by appl yitG pAvSaRe BTG Shen B aerract i bt REn i) wfiriid Saeng

pi ezoel gctric  agrHRLEARHIEARBce TGSt iRGALA light\R dFFab@A %ighl, Vhereas _
mat ri x- addr essabl e, such that addressed mrrors will réeflect an incom ng

radi ati on beam i mnaldi¢sbédearenstrefiict ectdeonlight as endiffieddd dighte dJsmg aroappropriate hi s
manner, the refl ected be i.s._patterned accgordin t he addressin
pattern of the rrg’f&re’f’gheaiﬂ ‘E’Qéfgg?téé ﬁglﬂtrcé? g.e %ﬁtﬁréd Pgmﬁtﬁ%ﬁﬁﬁ&@ggw’ s si ng
can be performed q4giRqith i@ i EmfR AR She bénPOLdInRE phiined
situations descrioggéﬂﬁ(g?%%%ég\%@t tgﬂgﬁ%élt?'?ielér:m ng ’me%ns can cor‘rBri see one or
nore programuabheconding artharddrysingMatterni of tler mattix eddessablersuchcarkmys as here

referred 20 to can be gl eaned, for exanple, fromUnited States Patents US
5,296, 891 and Usaltgnaiyg empedimeny obesrogimuptblamyroTasey SRR MHAgBB597 and WO

98/ 33096, whi ch aﬁ‘ﬁr‘f‘ge-}ﬂ%ﬁp&fﬁfﬂ?%iﬁgrf%{cﬁio@ wiYch &h Bk SRERdudIly d1 a%ﬁ%t%gi%ed aas .

progranmabl e mrror Tarray, he sard support structure nmay be e

frame or table, bpapExapplseitabladocdiredriectie ffeids @dbyempioymiglpéezaslectaiqui red. 25
- A programmabl e LCD array. An exanple of such a con Cgructi on | iven in
United States PastBpfonedss.o0gcegagam, {{ie mIFrorsare ﬁ@&%ﬁf gsseblpeigh ﬁlagy

reference. As abgygeqsed ﬁ%%gﬁg@?%lﬁt %%%@ﬁ@girﬁiidgg%eﬁmﬁa orBf SIDQd €d as

a frame or table, Tor exa or novabl e as required.
For putposes of s wpldiekdey mitrbs; incthis mdnneh)itie reBedtediegm iapat@nédadtording
ocations, speci ];ol t%g lallglres%iinrgei)%gttem of the matrix-addressable mirrors. The required matrix
addressing can be performed using suitable electronic means. In both of the
situations described hereabove, the patterning means can comprise one or more
programmable mirror arrays. More information on mirror arrays as here referred
20 to can be gleaned, for example, from United States Patents US 5,296,891 and US
5,523,193, and PCT patent applications WO 98/38597 and WO 98/33096, which
are incorporated herein by reference. In the case of a programmable mirror array,
the said support structure may be embodied as a frame or table, for example,
which may be fixed or movable as required.
25 - A programmable LCD array. An example of such a construction is given in United
States Patent US 5,229,872, which is incorporated herein by reference. As above,
the support structure in this case may be embodied as a frame or table, for
example, which may be fixed or movable as required.
For purposes of simplicity, the rest of this text may, at certain locations, specifically direct
30 itself to examples involving a mask and mask table; however, the general principles

discussed in such instances should be seen in the broader context of the patterning means

as hereabove set forth.



30 itself to exanples involving a mask and mask table; however, the general
principles discussed in such instances should be seen in the broader
context of the patterning nmeans as hereabove set forth. { -3- Lithographic
proj ection apparatus can be used, for exanple, in the manufacture of
integrated circuits (I1Cs). In such a case, the patterning neans may
generate a circujt, pattern .correspondi ng,to i ndi vidual, | ayer. of the |IC,
and this patter ntlé}é(rp‘gr%aeh 5 ?rré)beecgo%ﬁ?@raéustcﬁﬁagflsgdg&rteﬁﬁrﬁp ginghe ébeP(gg]ier?_ one
or nore di @gper@8d SirGHRIICHLR sh&H 4 E£ENIBHRMIng ARinASy REBAD: GRAItGIMLE N a
| ayer of radiation-sensitive material (resist). In general, a single wafer
wi |l cont gpmesaonding © anandiyrdeablayerdif dhedft andathgatattpmroan bp snaged ontaratarget
successively_ irradi ated. via the rojection t one.at.a tinme. In
current apBé?lgP&%?' CHRSYER, eﬁéfn[ogerﬁ%%@nwugﬁﬁ%é%ﬂn&'af%b@_ﬁt ffaég‘lgeél a

di stincgi oBof@whie a ML DRHWEER séndRive nfk @ NEsibty AR Seifal REREIE YatdrRine type
of lithographic projection apparatus, each target portion is irradiated by
exposi ng t hentantaiwheld Getwagkolzaliacentriargeftportidne thah ppeticqposivélp nradmtahda ge; such
an apparatus.is conmmonly referred to as a wafer stepper. .In_an alfernative
appar at us p@éﬁﬁﬁgﬁp{}t%fc}éﬁa&g{n& _ uge&&ﬁ@ﬁ@f&%%&ﬂmgg teripg by 2 mask AN far get
por tion i spjabk adieah G-t QHDHE SRIIY BLiw ST AR imraqﬂ@pg@éfﬁn&ﬁhksﬁlgm er the
projection beamin a given reference direction (t "scanni ng I rection)
whi | e synofilithngraghiy pegention agpdrates, satistargat portiatb Isdrrpdintet b lexmrsimgrthé eggae al | el
to this direction; since, 15 in.general, %}gﬁ projection systemw || have a

magni f fQ: at '8 ?aé@frb?ntﬂ/lﬂ(e&é%P Borgn w O, 8% ag ﬁé%at\}? SstcopmRy refared ddst r ate
table is scanped: Welder DR o8 ait@ﬁtafl?&e %gﬂaﬂﬁs——&%}ﬁ%& g Fl)r%fléfcrg&'totzﬂ% stefBsfd dogbl e 1

scanned. More information wt eg to |1 devices as here
descri bed amardne -gl @ain ediget forticaiampdeted bygpro fiSs sty D ailitidg themnakpattathed
herein by reference. 20 In a manufacturing process using a lithographic
proj ect i onu‘?ilge?b g}sé’tr Qigction beamy igagivendelgrence,difechign kthe %camfag ediresfeny "gﬂle
substrate h ' %: f direction: s

radi ati on- gs}glgﬁsriot %gﬁ Sﬁgﬁgrﬁ% gféas?kéetga:tés%%ﬁ%éﬁlgfor%ut alkagpélia{orratglls rcllé;r e%t%oélp,sm%e
subst r bt e megeneml] dregmojevidsr ysenpwiltledd b esgnifitatiomBicior Mr{gegerallgsilyttheoat i ng
and a soft bake. Af tczlr exposure, the substrate naybe subjected to other

pr ocedur esSPeeq ¥t ¥duch the sibsErisdahle 1 ssanned poiEby a fantordd imnes shat at whigh ther d bake

and measur QoBnbhik RSRERT ORI i aTR 46 rgfa% t fifo grlmig a&ilédhs ‘ﬂfzre
described can be gleaned, for example, from US 6,046,792, incorporated herein by

reference.

20 In a manufacturing process using a lithographic projection apparatus, a pattern
(e.g. in a mask) is imaged onto a substrate that is at least partially covered by a layer of
radiation-sensitive material (resist). Prior to this imaging step, the substrate may undergo
various procedures, such as priming, resist coating and a soft bake. After exposure, the
substrate may be subjected to other procedures, such as a post-exposure bake (PEB),

25  development, a hard bake and measurement/inspection of the imaged features. This array of
procedures is used as a basis to pattern an individual layer of a device, e.g. an IC. Such a
patterned layer may then undergo various processes such as etching, ion-implantation
(doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish
off an individual layer. If several layers are required, then the whole procedure, or a variant

30 thereof, will have to be repeated for each new layer. Eventually, an array of devices will be
present on the substrate (wafer). These devices are then separated from one another by a

technique such as dicing or sawing, whence the individual devices can be mounted on a



procedures is used as a basis to pattern an individual |ayer of a device,
e.g. an IC. Such a patterned |layer may then undergo vari ous processes such
as etching, ion-inplantation (doping), netallization, oxidation,

cheno- nechani cal polishing, etc., all ingended to finish off an individua
| ayer. |If several |ayers are required, then the whole procedure, or a
variant 30 4.0 have t I . for..each new | ayer.
EventualIyfﬁgﬁhggﬁgvm%¥£g§§i%8gﬂﬁ?$ﬁHﬁgﬁﬁgggggﬁﬁugﬁmf%gnfasg ?Qﬁ? (wafer).
These devi ebsimdefor besmpslepRsra tiethdok OMiedehip FabikioRYA ractiedlniige® such as

dicing or saw ng, whence the individual devices can be nmounted on a -4-
carrier, conenductePieressingstlhirddiditianepy PateoyaradansMe@rgstr dilhRubdigkihg
processes i exanpl e, . from.the.book "M crochip

Fabri cat i ocn(’fao” Eg?’a@? ?@%ﬁ%?é@’%’dnw&oﬁm%%ﬁﬁ&bgrregf%lgg'ssi ng", Third

Edi tions by PeteFovee sdladf,sidiisig\hblptdjedtidB s téth Rehy HeRinafibPe refdrRANb as
0-07-067250-4, incorporated herein by reference. 5 For the sake of

si npl i ci ty the Renspriwiweren, 8ns eys skenldhy broedliintafpreied srencempassarg wagoastypashe

"l ens"; ho er. . .this ter.m,shoul d be broadl y.i nterpreted, as enconpassin
vari ous 1 ynEbiesion i TURORY v MR St EPPEG FiL e BARR
reflective fgixple. THE raedkRE s drh nfay 2%SlifdRde conPonEN@BP:Sing oY 8hhPN

system may al so include conponents Operating according to any of "these
desi gn type$thess dagigndypdsiior, disdetipg, shapong aroventrolling iy prheciombeant ofondibéam of

Col | cot Pyerg aRhSoRBGaT o AGo he wlgteao Bele A Tker FhengHr b tens”

appar at us paph&ethelitfogtphee HPUaRY ntaybedt /or two
or nore nmask tabl esl). gIhxr?tgsuc '?rrul téi%blee éw%%a%d Vi gggﬁ%&hgmgggﬁtﬁ%l

tabl es mayandériwedr morpmask takles). brsuph &paltipleotages lepsesthy adibitiomi tabkd out on
one or nore t§bI es,. whil.e . one or nore other tabl.fgf are being used for

exposur es. T AF Usthigdaralieh Of PLEBRHAOTY HensIpay b sreried it gBSBF PHEWTe BB exanpl e,

2 in US 5, 96Qpfid bn@hom¥¥e R4 ate b@;iﬂ% ﬁ§e‘a%@$:§yqsurg§ Rialsthde lﬁtﬁ«f)gﬁﬁ'ﬂge- Buri ng

manufacture it is necessary to nove the substrate into the correct position
for | o&dli ngppamihoadidesyribed) fexgespiesin US 5i869,44l and BEO 986633 hlincormraeye t he
mask. It iﬁ i or%ant t hat any novenents are carried out as quickly and
accur at el y"#EUFEISIFTES t 0 20 i nprove the throughput of the apparatus and

e T R
The not i onforderding, heloadjegendtgesae desiay aio ba miﬂ:cmsﬁarpto movd thgendsk. hds '
important that any movements are carried out as quickly and accurately as possible, to
20  improve the throughput of the apparatus and the quality of the exposed substrates.
Typically movement is controlled by a motion controller based on desired position,
velocity and acceleration. The motion controller generates a desired current or voltage to be
supplied to an actuator such that the desired position, velocity and acceleration are
obtained. This desired current is input to an amplifier control system connected in a
25  feedback loop to ensure the desired current or voltage is supplied to the actuator. A
simplified diagram of the control system for a single phase actuator is shown in Figure 5.
* The motion controller provides the input of the desired current I;. The present
value of the current I, is measured by the meter 12. I, is subtracted from I; by subtractor 2
to give an error which is fed into the controller 4. The current controller calculates a new
30  voltage setpoint, which is then converted by the amplifier 6 into a voltage which is
provided to the actuator 10. The controller 4 is typically of the proportional, integral,
differential (PID) type.



supplied to an actuator such that the desired position, velocity and
acceleration are obtained. This desired current is input to an anplifier
control system connected in a 25 feedback | oop to ensure the desired
current or voltage is supplied to the ac%uator. A sinplified diagram of
the control systemfor a single phase actuator is shown in Figure 5. The

notion controlle rovides the jnput of the sired, current .L. .The present
val ue of the curj;He1 ?ar?%eﬁegs O%h%eswﬁg@ngﬁﬁfrﬁgarﬁg%g?mff gY ﬁor}sééegﬂ%fhreact ed from
|'S by subt hchficaPand Qe@yL cRita@Eriics YWhihe Bystein. f1Bd rbdpbhsd B @okARine@bl e 4.
The current controller calculates a new 30 voltage setpoint, which is then

converted msguirbmertipkedp the sBtannstebls, acotmiggad whihohspesifisd dvmitbed pheset he

actuator 1Q...The ntroller. 4.is. typically,of the proportional,.integral,
Gt fer ant i ey eynensEip ok Bheia bnih iR Brr dosBR et tehieon | e
4 are detepghiigdehy considering the nechanical and el ectrical
characteristics of the system The response is constrained by the

requi rement to kEeppdrfremesystdithssyatsindhasheauingrevedry addingivelspgendied linmits
of phase difference. .These constrajints limt e speed at i ch novenent

Lo 5 desi r CISGLPRIGHATRR e e e e ko BF RETRE suders wiE: Byetom has
been i npr oy iy 8t D8ysvedh RG11hdraARdn F‘?%QE@JIS.E&? Q&t{oﬁﬁgﬁ@BX@e{rﬂnﬁ{gﬂk@ Into

the cal cul ation of the desired current e notion contro Such a
system i s efrdnistweandlke mpadaragiurosition ph aRtl Bheqmnttivalpl om2dsdyasntgenérautlt of t he
error between the measured positiagn pmand the_position ps froma setpoint
gener ai) ¢ Oytputs  Tere Euiosmavq Biacbe Aesifed Rpyen PrNGLPHUIRAS SHRRICESY PFOHC ps .
Notch filt i £i G i ed | oop system
Yo give bef vEFTSHARE FRSEI0, MRRRL1b five bEETLRREY 1008 sbSaikRSeC Lopect L vel v

carry out an acc€ilewvlathorsoi? dneleX$frespsaivtly caiyoult ai haeleaatibnafeatfbmard vy
feedf orward cal cul ati on using the desired values for, acceleration as and

vel ocity, SACHaiomanAa vslachyissdiqquar calcylation Heing HisvlcaiigevAnesARAREERER cal
15 char act grih§LLe8inty, bR BY SFSht ddiEralde StdtifoRledb 06 iR Gl RLNe d
cal cul ati O%, af or cle)?f f andt v?oﬁce-ér are aé%gﬁ T g t ae outcput of the notch
filterl®6. chrdctaristierofnind syi3tens Thd desdltbyf the feetfoiwhidealcdttionfFpalk bd tdhesf or ce
is converted into a current. setpoint 1S by the converter 38 using the notor
are added to the output of the notch filter 26. A further notch 1s added by notch filter 36.
Finally the force is converted into a current setpoint I by the converter 38 using the motor
constant. (The motor constant defines how many Newtons per amp the actuator delivers.)
This modified system has improved response but suffers from the constraints of
20  the current amplifier control system, which uses only feedback control. For example, if a
current of 14A is desired it will not be produced instantaneously. The response will be
delayed by the requirement to keep the current controller stable and any phase difference in

the system. This places limitations on the speed of movement and accuracy of the system.

25
It is an object of the present invention to improve the accuracy and speed of a
movement control system.
This and other objects are achieved according to the invention in a control system
as specified in the opening paragraph, characterized by adding at least one feedforward
30  value to the output of the controller before it is supplied to the positioning means, wherein

the feedforward value is calculated using mechanical and/or electrical characteristics of



constant. (The notor constant defines how many Newtons per anp the actuator
delivers.) This nodified system has inproved response but suffers fromthe
constraints of 20 the current anplifier control system which uses only

f eedback control. For example, if a curgent of 14Ais desired it will not
be produced instantaneously. The response will be delayed by the

r equi r ement fx‘ﬂ% ﬁﬁfﬁnk t]r%aﬁsua[ndetﬂé des 841 i$t ant%%o‘?lglle:gvaqggs ﬁl@%o?hﬁ%g difference

in the sys ces I|m atl ns " on movenent and
accuracy ofpoglhmlagﬁ{e@m 25 It is an object of the present invention to

i nprove the accuracy and speed of a  novenent control system This and

ot her objects aréh aeqfﬁréwdoa@é@mmlt%anﬁ@r denivetiyas dhereaf includmpesitiony st em
as specifi the. o n racter at_|Least one
Foedr o ver 4055 S TAARENAE BB e RE BTl el B oDl

to the posichirafibmdichRRNRles Wk e Mresishfcd, 68finainadd avalmifor conSahtoftiat ed
usi ng nmechani cal and/or el ectri cal characteristics of -6- said posi tioning

means and Phetigeisg rr@anqo@%?v@hl ahtha mepvang wessi Vet posdoningenesos mutfy belap actuator
positionin er eogce to a desired position and/or derivatives

t her eof i ngfﬁﬁlélglsepocér?ﬁ 8ﬁase Pocity, acceleration and hi gher derivati ves.

The reference toTHRSGRRYréRht ia0EHRh BHELEEIHAR cOntfl Btd Bletuln@hi GSvolthgd udes
back-enf, resistance, self inductance and notor constant of the positioning

means, as weihtroldeopt H@dmbe@ahm'ssfeedﬁhevqn@smttn%hasrtgaeneppiszdrtayhdmkatatlant uat or
or a single.or s,.the e |nvnt|

Feedt o fiar 8 EOHPH ForRaE sEPual bt Brns Bl e B merson 1s0ped kEales. § bed
above, feedfqryasdhaieipinthas been applied to the calculation 10 of a
current (or voltage) setpoint but not to the control of the current (or

vol t age) cont r ol Bgprovidisglan addieawh feetiorsat] pontndl eleB;enptIm\aicclirag/mdsachdlidfi onal
feedforward control. el enen he accu he.r onse |

| or eased. RIES) s HOARSE: b7 FERSr flse SUBRALSS Harags o Alionineg B ALl

overal | Eérff&h{ﬁﬁwﬁqdasﬂ@ct&tdeh%h%ﬁteﬁ%éSé‘ fejeria to be applied. 15 The
limting factor on the rate of change of current (or voltage) is now

determihed by t hke hmgdizgdratarch thalkraie ofcidnghel quonest (o5 veltpeepis notveletamplrefli er |
rather t ha{;l %hbiefeé) grgvvgrcg vaque and the power stage of the amplifier, rather than the bandwidth of
the current (or voltage) control loop. Errors are reduced and thus servo performance
increases. Furthermore the behavior of the system is more predictable and controllable, it
behaves less like a “black box”.

20 A velocity feedforward value may be calculated using the back-emf of the
positioning means (which is known) and the desired velocity of the positioning means. The
velocity feedforward value may be calculated by multiplying the back-emf and the desired
velocity together.

An acceleration feedforward value may be calculated using the reciprocal of the

25  motor constant of the positioning means, the electrical resistance of the positioning means,
the effective moving mass (which are all known) and the desired acceleration of the
positioning means. The acceleration feedforward value may be calculated by multiplying
these values together.

A jerk feedforward value may be calculated using the reciprocal of the motor

30  constant of the positioning means, the effective moving mass, the self inductance of the

positioning means (which are all known) and the desired jerk of the positioning means.

“Jerk™ is used to refer to the first derivative of acceleration (third derivative of position).



the current (or voltage) control |loop. Errors are reduced and thus servo
performance increases. Furthernore the behavior of the systemis nore
predi ctable and controllable, it behaves less |like a "black box". 20 A
vel ocity feedforward val ue may be cal cul at ed usi ng the back-enf of the
posi tioning neans (which is known) and the desired velocity of the

positioning neans. The .velocity feedforwar | ue be .cal,cul at ed by
Uit oy ng ¢ ho. BAGROSRIMENE qrimiors SEMeah R B PR iRy it

accel er at i i JugadboimwRbarR Ue: FERirRshce 3 Rbieale8 ATESIaNG iR of Bfel Procal of
the 25 notor constant of the positioning neans, the electrical resistance

of the posiftadémivay vebgnss relatively sfnfirde rild/eanrbevinplgmentsd Withoutiteqairieg ahduek nown)
and the desire ccel eratian th itioning nmeans.. The accel eration
Feed or war SPDRRSD e baeibe dhavaenoak < PRI n s Woa GETAB Gt her
A jerk £ eedi9meatibni@biteronditeR or fFHncELALEEhIWENR dritg ﬁe’?ﬁhﬂﬁl%%!f y@f the
notor 30 constant of the positioning neans, the effective noving nass, the

sel f i nductmamoduadfystdmein yesThdé machagicakaatss (wddi io theafeed faiwaré ndvmiptianrsd t he
desired jerk of the positi.gning.means. "Jerk" is used to refer to the
first deri nglewée HFC‘%E‘bCéloéﬁmogWOPt% hegnygp Al § G &tl%égrQS?IBﬁ?fﬁweﬁv thegy
cal cul ati ng,gfchifY mER&n@fihd 151 ARWE AR AN HER ﬁﬁ‘éﬂ [hgem to
t he out put Q%f 1t ﬁggr(rzlontsr gl I erﬁ.h?he per for mn@éﬂﬂ&eﬁﬁeasgg@% e gg?%:ul ation
of the feeecddopwanodifadspprapsiatetst. ati vel y si nple and can be i npl enent ed

wi t hout requiring. undue conplexity in the controller. The val ues relating
to cha]t'%ct eristi %éggﬁrf éjﬁ?‘r‘(é“%éﬁﬁ’f”ﬁﬂ?%ﬁ“ﬁé‘éﬂge ealegted and weludpd donsd P got t en

or refi nedncyﬁg&g’ K 9&/}4 ?&%ti% of ﬁ(@fﬁﬁ{e}ﬁ?ég@%r&f Odilaglé)ri ndi vi dual systemin

use. The nmechani'cal values used I n r culations reflect
t he nmechani cs of Optinafipsht pesiiisigngeeas. mayhie multipk hass adt@dtérpandsfuphas ent
between the positioning neans and the payl oad the val ues used in the

f eedf or war EPTRRIISE @I CAmyHEonjor raghephasgioy a@ast% thoales eldhe gesine cimendioy. 10

Hi gher der LM]f’ag% Eﬁ’(?thgffeéﬂ Gt LOLHIBYTIRY §1?0v&e[hg9clrﬁr%? ?;ésge‘rlg daBff ;{x'clﬂi@fe%d g{nor

exanple " the first derivative of Jer erl

posi t i) . udeprittomaltiple, pHabeaqresonsi Qhereds ienaded toralyer e @ldildtionplféhephase
actuator, and further conprise a conmutator for each phase for adjusting
t he val ue Bfllopuardxaluedhe essplt gadigsted by the commutator.

According to a further aspect of the invention there is provided a lithographic
projection apparatus comprising :
- a radiation system for providing a projection beam of radiation;
20 - a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern; |
- a substrate table for holding a substrate;
- first positioning means for moving said substrate table;
- a projection system for projecting the patterned beam onto a target portion of
25  substrate,
characterized in that a control system as described above is used to control said first
positioning means.
The lithographic projection apparatus may further comprise:
- second positioning means for moving said patterning means;
30  wherein a control system as described above is used to control said second positioning
means.

Thus, the operation of the lithographic apparatus is improved. The speed of



vol tage and the feedforward value. This allows the control systemto be
easily adapted for 15 use with nmultiple phase actuators. There is no need
to alter the calculation of the feedforward value, the result is adjusted
by the commutator. According to a furthgé_ aspect of the invention there is
provided a lithographic projection apparatus conprising : a radiation

SYotem o BB BB AR BRI RS PPl RO g o

pattern therpigdpec Aicoirabesthemeosmémas il npgiesddr ed pattern; - a substrate

table for holding a substrate; - first positioning neans for noving said

substrate table; - a projection systemfor projecting the patterned beam
hat ol

ont .2, LarSet POGLLARly o FB0REBAM AN FUBIPR A P DALY L e

system as descri ve I's us p

The |'i thograpbkitioRingnteahd @mARARAE stepsdy further conprise: - second
posi tioning neans for noving said patterning neans; 30 wherein a control
system as descri trehlating\aedesiced megnt o vwdiage B seppltoesidiedingaosséans aenordng

means. Thus, the operation, of. the lithographic apparatus i s inproved. The
Speed of - B fbetBRt S deivSies et bR RGO e means i s

i ncreased, - al | oW ibga@{Ra BEasulchcOHEMRM ot ARTHIREMd Absilcd SuifB @ ®PfadeSo @l SO
i mproved. According to a further aspect of the invention there is provided

a control edeiagdanrboyalymsi tioni ng means conprising the steps of:
sccordlhg “to a HRFRESHEaR: 10 Georoleal PRl tREPEIr B S
posi ti oni ngygd ;mSat racting a neasured current or voltage fromsaid
desired current or voltage to calculate an error value; 10 - inputting
sai d errorchagdctgizedby control | er which outputs a signal input to said
positioning maancsa;lculating a feedforward value using mechanical and/or electrical characteristics
of said positioning means and said desired position and/or derivatives thereof of the
15  positioning means; and
- adding said feedforward value to the signal input to said positioning means.
According to a still further aspect of the present invention, there is provided a
device manufacturing method comprising the steps of:
- providing a substrate that is at least partially covered by a layer of radiation-
20  sensitive material;
- providing a projection beam of radiation using a radiation system,;
- using patterning means to endow the projection beam with a pattern in its cross-
section;
- projecting the patterned beam of radiation onto a target portion of the layer of
25  radiation-sensitive material;

wherein the movements of the patterning means and/or the substrate are controlled using a

control method as described above.

Although specific reference may be made in this text to the use of the apparatus
30  according to the invention in the manufacture of ICs, it should be explicitly understood that
such an apparatus has many other possible applications. For example, it may be employed

in the manufacture of integrated optical systems, guidance and detection patterns for



characterized by: - calculating a feedforward val ue usi ng nechani cal and/ or
el ectrical characteristics of said positioning neans and said desired
position and/or derivatives thereof of the 15 positioning neans; and -
addi ng said feedforward value to the siggal input to said positioning
means. According to a still further aspect of the present invention, there

i's provide ey c act.uri.n thod conprising the steps of: -
or ovi ai ng. et FRAYAC BT iy BT S AR e o

radi at i on- TROsiaBEGatibaewilBipBfdciite thRt, RVthe toidexd o EiRjhedieiatlve slcfionk aghiyat i on
using a radiation system - using patterning neans to endow the projection
beam wi t h #sqrftthetepms fretigle”, cwalss-ord'dist irothis textshoylé be compidaned gsdretngr ned beam

of radiation,on t ar get rtion, of the layer aqf,, 25 radiation-sensitive
merial; At b Pt G Br i pSpr B g iR oo dital or PR
substrage are CORtth®pleScht dSturten? thé RRthS YadABI Ok 2BeHe S £E ub&tko 2R Spass

Al t hough specific reference may be nade in this text to the use of the

appar at us 3 typesof déatgniagnetivgadintien inchdingwltragoletiradiation (¢.g. with 4 Cs, it

shoul d be expl.icitl n od.th such arat us has y..ot her

possi bl e aﬁBﬁ#@%??B%%.’ggiﬁéga F@iaﬁpnﬁﬁvigg'éﬁg?ﬁ?%ﬂﬁ“Wﬂo?ﬂgg Mufdct ur e
of I nt egr ah/enOPlheéngsly H 1B Pangd 91 MRS 1SRN ASILEdE BRAEG RS0 Manis®r
magneti c domain nmenories, |liquid-crystal display panels, thin-film magnetic
heads, et celectiimebegtuis! | ed artisan will appreciate that, in the context of
such ah%ernative applications, any wuse of the terns "reticle", "wafer" or
"di e" this text should be considered as being replaced by the nore
general ternms "mask", "substrate" and "target portion", respectively. 5 1In
the present docunment, the terns "radiation" and "beani are used to
enconpass all types of electromagnetic radiation, including ultraviolet

(ot rem ul 1 - ViebelieniokfiegRienBon vill Ry bR doieribed Dy arict ¥R k@ Pange
5-20 nM ., @fh VEblen@Sto R {dcGinBalf R hem i urdwing®th OERAE or el ectron beans.
15 Figure 1 depicts a lithographic projection apparatus according to a first
embodiment of the invention;
Figure 2 depicts a single-phase feedforward control system for a current amplifier
according to a first embodiment of the invention;
Figure 3 depicts the calculation of voltage feedforward values in the form of a
20  flow chart according to a first embodiment of the invention;
Figure 4 depicts a feedforward control system for a current amplifier of a multi-
phase actuator according to a second embodiment of the present invention;
Figure 5 depicts a standard feedback control system for a current amplifier known
in the prior art; and
25 Figure 6 depicts the use of acceleration and velocity feedforward in the

determination of a current setpoint known in the prior art.
In the Figures, corresponding reference symbols indicate corresponding parts.

30 Embodiment 1



10 Enbodi nents of the invention wll now be described, by way of exanple
only, wth reference to the acconpanying schematic drawi ngs in which: 15
Figure 1 depicts a |lithographic projection apparatus according to a first
enbodi mrent of the invention; Figure 2 d_e]pabi_cts a singl e-phase feedforward
control systemfor a current anplifier ccording to a first enbodi nent of

e et on e Sl e el GRS R R SESERE

values in the formo

t he i nvent ipanicufar 8tabedithedEdtithd mventfoRethOsppartliscORptieds: system for a current
anplifier of a nulti- phase actuator according to a second enbodi nent of

t he present i nveatiddationRysiamd s lddpi eipplymgst mnptatich beeedPBiokradativn ¢d.g.syst em
for a curr anplifier .kno in the prior art; and 25 Figure 6 depicts
the use of%g%\gfzéafdéart‘é?f’}’&bléhﬁvt\gélpﬁtackﬂﬁr ?%%B‘F%F%P‘&G&fﬁr? giongBERE hat i on of a
current sset poi nt JkRQ\WBjecitabRemRsK QEIe)é‘M’P prb@id@&"%itﬁ'éagﬂiéggl ePfdr o ng

reference synbol s indicate correspondi ng parts. Irment 1 -710-
Figure 1 scerskMA daglaretidp), enrdcankitehodiraiiuisitioping]jreens for aappaeht us
according to f‘l ar%i cul gr .enbodi nent oé the invention. The apparatus

conpri ses: P§% 3‘3?& hedpaskyathassnegt ojem Rly suppl ying a proj ection beam PB of

radiation (e.g. JBEWHAGLRLI K (subki [ i (W
conprises a radi gti gn so%r ctg&L&S;u Skéggga?%%?h%gfogg{eht“gg’: égsruP Qntgath@g@?f& Mr
provi ded wholing ambkirdioMd6ag. aoesist@batied giliaon wakk), MA ¢omnecteddtorsetdrdl €) , and

connected to .first positioning neans for accurately positioning the mask
Wit h rigpee?ﬂ?%mfl% Wﬁff r %Cg@g%mosequné%& the alﬂwsgaiegn)éwmﬁ%wﬂm S \WT
provided with a g gcrt-%g% TR e 13 g -

resi st-coated sil ?{(;:bgn 1waf}ér ,@anné &n%{ggtae H?Bg?egg%éq@%ﬁ%%ééﬁagﬁtﬁg means
f or accur apetltipn pé dietmaskiMg ontvea wrdes porade Celghcormsistng oretrinicrandies) ofahe

proj ection ster{k("lens") PL (e.g. a mrror group) for inmaging an

i rradi at edSUBSBREIWn of the mask MA onto a target portion C (e.g. conprising

one or 1mor & dkRMepRicd! B apparatus is of a reflective type (e.g. has a reflective mask). However,
15  in general, it may also be of a transmissive type, for example (e.g. with a transmissive
mask). Alternatively, the apparatus may employ another kind of patterning means, such as
a programmable mirror array of a type as referred to above.
The source LA (e.g. a laser-produced or discharge plasma source) produces a
beam of radiation. This beam is fed into an illumination system (illuminator) IL, either
20  directly or after having traversed conditioning means, such as a beam expander Ex, for
example. The illuminator IL. may comprise adjusting means AM for setting the outer and/or
inner radial extent (commonly referred to as c-outer and c-inner, respectively) of the
intensity distribution in the beam. In addition, it will generally comprise various other
components, such as an integrator IN and a condenser CO. In this way, the beam PB
25  impinging on the mask MA has a desired uniformity and intensity distribution in its
cross-section.
It should be noted with regard to Figure 1 that the source LA may be within the
housing of the lithographic projection apparatus (as is often the case when the source LA is
a mercury lamp, for example), but that it may also be remote from the lithographic
30  projection apparatus, the radiation beam which it produces being led into the apparatus

(e.g. with the aid of suitable directing mirrors); this latter scenario is often the case when



substrate W As here depicted, the apparatus is of a reflective type (e.qg.
has a reflective mask). However, 15 in general, it may also be of a
transm ssive type, for exanple (e.g. with a transm ssive nask).

Al ternatively, the apparatus nmay enpl oy gnother kind of patterning neans,
such as a programmable mrror array of a type as referred to above. The

LA I -.prL: i . ol .
beam of 1 ad Aty LA ah RLORKREE, Bhe ARGPERAR R S Chifig thafledl potiees
(i 1'1um nat oteke $denariist her 20 directly or after having traversed

condi tioni ng neans, such as a beam expander Ex, for exanple.

The
i 11 um nator |L mkhe besipPBsubseanenslyiintgrcenia e nravk MM, which ishyld erea asketablend/ or

raapect  very) o kbt PHPRREN AT Biipt Mot U Elen R p oo Wl s,

Wil 1 gesier adnk PLCRATRA ifScisdtht Beiin PBNRo a GEFPPREBA € ofIWEHubaGataW.IWitEEeat or | N
and a condenser CO. In this way, the beam PB 25 inpinging on the mask MA

has a desi PPl Seeond popitipning meanas §andyintgiferometisthensutimg ingans IE), gws- sect i on.

It should ot | regard to Figure 1 that the.so e e wthin
the" nousi A DR Eh I GBS PR v rodb b S HERPb Ao e cose
when the sQuheiR dath bSthe BedfR PBUB il AFPhe Fi2dt pBxASMhE neaanbBaked b May al so

be renote fromthe |ithographic 30 projection apparatus, the radiation beam

whi ch it peesdirtdy pesiiongthe aarsk M4 witherespsplep shemth ¢fthgbeamh PR, ¢ beafigr d of

sui tab directin irrors); this latter scenario is .often the case when
“110 THE SBlFEI RO R0 Ghe rivdh B1A Bob ™ il SBY e 8RO B af o
enconpass hekémé&t of tHeebfect GBRBINIPSWT Wil Heeadl, EBwH IReAN ek lohglshbRE cept s the
mask MA, which is held on a mask table MI. Having been selectively

refl ected mpdelhécavesslponitioningpalsbashoRBipks swdulelifiocpdsitidnng, Winls aelnot whi ch
focuses the be B onto.a ta t portign C of. the substrate W Wth the
B of -t heSYLERR RIS Eorn £ | R R A or Dretbe (B8 ABRSFY freans
IF), the gubsid-gdef abplhi@s\Whe GRBk RB1MY85hyF6& BE BbflckiedSo 9 shiPstRkel O
position different target portions Cin the path of the beam PB.

Si m | ald y, adtiegorf prmey poked.oni ng nmeans can be used to accurately position

the mask MA with_respect to the path of .the beam PB, e.g. after 10
mechani cal retr?QV§§£5§“Vﬁ@mW&§Wa © psegiin B 3%“??8?@?%, or during a scan.

I'n general In step mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash”) onto a target portion C. The substrate
table WT is then shifted in the x and/or y directions so that a different target portion C can

20  beirradiated by the beam PB;
2. In scan mode, essentially the same scenario applies, except that a given target
portion C is not exposed in a single “flash”. Instead, the mask table MT is movable in a
given direction (the so-called “scan direction”, e.g. the y direction) with a speed v, so that
the projection beam PB is caused to scan over a mask image; concurrently, the substraté

25  table WT is simultaneously moved in the same or opposite direction at a speed V= My, in
which M is the magnification of the lens PL (typically, M = 1/4 or 1/5). In this manner, a
relativély large target portion C can be exposed, without having to compromise on
resolution.

Figure 2 illustrates a current amplifier and control system for a single-phase
30  actuator 10, for example a single phase motor, according to an embodiment of the present

invention. Actuator 10 is attached to the wafer table WT. The system of Figure 2 is



novenent of the object tables MI, WI will be realized with the aid of a

| ong-stroke nodule (course positioning) and a short-stroke nodule (fine
positioning), which are not explicitly depicted in Figure 1. However, in
the case of a wafer stepper (as opposed_bp a step-and-scan apparatus) the
mask table MI may just be connected to a“short stroke 15 actuator, or may

be fixed. The.depicted aratus c be ,used in t i.fferen des: 1. In
step node, dfl ﬁéca%l@sfﬁr ffa%?lgr&ﬁﬁ' a?tgaﬂre%{é%e Stgilﬁ ‘%‘T‘fgvaﬁga\? !rr'o 8}39/?558[153 an entire
mask i magQuplfcaRidab S&ipBethe AcORBrsHT thd mesk tabie MDkf@nhatfié AdRable.ONt 0 a target
portion C e substrate table WI is then shifted in the x and/or vy

directions so thaAtmefiah dohtrpBert(netaHystateddealtwaieOheaptpoi@Ocwyeeni knaidgdhed by
the beam PB; .2.. I n_.scan de, , essent.i al €. S narlo applies, except
that o i vaRTE GRS ST LR EeR PR ok alerer ftle S aREN2 pia8eE S net cad.
the mask t 3Bdi€orMn iSs SRV BNt fhe%etlﬂ{d‘é&@aféhfaﬁ%ﬁ {/ﬂ@tshgfs%&ﬁe FOmaRdds&thedscan

direction", e.g. the y direction) w a spee at the projection
beam PB i s abangse thetdiscassaon ofitbe paomaskith refgrencedoficgme &nt |y, the substrate 25

table WI i s simnulfaneousl ed in the sane or op ite direction at a
speed V= M/, in _?an?ége?%@eﬁﬁﬁ?ﬁ L_P? pgRc Nalye T Eﬁtﬁpmﬂﬁ@r@v%- Eally, M=
1/'4 or 1/ S)etudtBr fSisTRAQbtradted frEhahd é’e%_l)&fntlc"ﬁhlgﬁtlgﬁﬁ%tmiﬁl&ri {o%ﬂy &forbe

exposed, w thout having to conprom se on resolution. Figure Zillustrates
a current sapé.iThiesrravdlueanthenkuppyjisd entht arpuatcsthn glueerp kemsteol B0 4 atheuatent 10,

for ex l e a single phas tor, according to an_enbodi nent of the present
i nvent f@ﬁ: RERUEL %FS@E@O?@&F&'@H@&O domiee farepe Péﬁ?léag‘?\ﬁggerﬂ&’?gffitoéh? of
Figure 2 1 Snakérin F'd%lr'tﬁ?eta@lgthfe%tg%ﬁ?gmféﬁf fs.hﬁrtfxi@%hﬁ%ﬂﬁen@{hfe%ﬁ@&l aﬁ@r&}ﬁ]ﬁ waf er
table WI. It may al so be duplicated to supply the actuators of the mask

tabl e MrI i fisetihaPID, buhothedsisech & fomtyilogic ooptopottioasl-ifitegtal cbuldatso deasdd. An
cal cul ates the_setpoint current |S usin desired position, velocity

and accel e BRI 0gf thepais tf’egﬂlpﬂlé{lﬁllu_é"waggﬁélt eﬁétuﬁ@éég-rlécﬁhiS epestimeBhiie| n this
ST T AR AL T O iy doner e
curr ent5 memérocodtrobearsutraag othleetype efdigital\cahtuel ldr amd fortrlk @art W tierdvetalirmaotiha t he
actuator 10. Imis then subtracted fromthe setpoint current IS by the
m xer 2 t Occgaitr\g:geraﬁh% pyrggnt controller 4 could also be constructed from discrete componénts.
A feedforward voltage Uy is also calculated by the motion controller and is added
to the output of amplifier 6 by the mixer 8. The resultant voltage is then applied to the
actuator 10. The process is repeated continuously as I varies according to the desired
20  movements.
The feedforward voltage Uy calculated in this embodimént comprises three
individual components: velocity vy, acceleration ag and jerk jg (jerk is the derivative of
acceleration). A flow chart showing calculation of the feedforward components is given in
Figure 3.
25 Calculation of the feedforward voltage requires knowledge of several variables.
The setpoint generator provides the desired velocity, acceleration and jerk. Additionally the
moving mass and four actuator characteristics (back-emf, resistance, self-inductance, and
the reciprocal of the motor constant) are stored in the motion controller. These stored
values may be updated dynamically as the behavior of the system in use is monitored or
30  calibrated periodically.

The desired values are determined by the setpoint generator according to the

movement required and permitted maximum values. During operation it is likely that there



value. This error value is then supplied as the input to the current
controller 4. The current 10 controller 4 uses control algorithmto
determ ne the value of voltage to be supplied to the actuator in order to
reach the setpoint current |. In this enljodi nent the control algorithm
used is PID, but others such as fuzzy logic or proportional-integral could

al so be used ifie S th n us d,to s ly this, volta o the
Sotuator 167 b e Rich sicerBidn o B R RS S BE B ackdio ok ok ot oG i 1
a progr ammﬁah@%eD&E’ , THBs6 FARIMAGES o, thé&m@!rﬁﬁt@%ﬂhfr@ﬂ th@fesﬁbnﬁwt&ts §emt ype of
digital contro [er and forns part of the overall notion controller. The

current cofipr exaimpte the ouainumivelue o€ acelesation otk dnposem lthnis on bpw qeskhonents. A
f eedf or war d. volta& bIS al so cal culated by the notion controller and is
added to tg'ﬁ’gn?fﬁlf’% cagbeafYsh er 6 by the mixer 8. The resultant vol t age

i's thensapplied tRe {disityabddidindid #0is clﬂﬁla%@)‘}%ﬁuﬂ)l% %QH@@&tGﬁo%@kJeﬂﬁ'OUﬂ y
as | S varies according to the desired 20 novénents: f eedf orward vol t age

Uf f cal cul amétlhe|das1teld|vsloewjommnﬁllmmlbywlmpireeé@ i ndl VI dual conponents:
velocity vff, acsI:eIer i an ?ff and jerk rk i drivtive of
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requi res know edge o severa var i etpoi nt generator provides
t he desi r etbgehbo@llusyrated by e wtigliardn).and j er k Add| tionally the noving nass
and fo act uat or, char ristics (pback- resi stance, self-inductance,
and  tHE reci proP%ﬂJe’g(ffa #@%@ﬁrlseélﬁg%?ﬁﬁyna%plwsﬂ Goled ek
contr ol | er p TNES RSt MHudscl Ml ofituk hEzhehavi or
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novenment required antcLIpetr m tted maxi num val ues. During operation it is
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The derivation of these feedforward values will now be explained. The voltage

across a coil in the actuator comprises three components:
U:([R)+( Zf) (Beme) stigtvy

Where U is the coil voltage, [ is the actuator current, R is the resistance, L is the
20  selfinductance of the actuator, ¢ is time, Beyyis the back-emf and ¥ is the velocity. Each of
the three components can be calculated using the desired value of velocity, acceleration and
jerk together with the mechanical and electrical characteristics of the system. The
component attributable to velocity, vy is simply
vy=B,V
25 The component attributable to acceleration, ag; is calculated as follows:
F=ma=Kl=1="2
K
ma
a 7 = IR = 7<—R

Where F is force, K is the motor constant, m is the mass of the moving system and

a is the desired acceleration. The component attributable to jerk, j4; is calculated by:



5 The velocity feedforward vff is calculated by multiplying the actuator
back-enf and the desired velocity together (illustrated by multiplier 14).
The accel eration feedforward aff is calculated by nultiplying the desired
accel eration, actuator resistance, nnvigg mass and reci procal of the
actuator notor constant together (illustrated by nultiplier 16). 10 The
jerk feedforward jff is calcul ated by nuI]ipIying the desired jerk, noving
mass, actuator phasexsebi, gﬁ%ﬁgggﬁggﬁ- ci procal of the actuator notor
constant together (illustdiateddtby mil ti pdti er 18). These three feedforward
conponents are added @rl| ugyrated by adder 20) to give the final voltage
feedf orward val udsUff-6if—s added to the output of the anplifier 6 in 15
figure 2 by adder 8. ?ﬁe detivation of these feedforward values will now be

expl ai ned. The VoyHead® is BldesifedderkOThesk BaidiSnfsskiiat Hat #RMBIuLGE S diRLEP
conponent s: U:(IR)+(LJ 1 +(BelltfV)=aff+ji+vif Where Uis the coil voltage,

| is the acowdtdio theipayvdonrd, IR gear retieisrussd beternerethe betirgtor fral the pagdeddfthe
i nduct ance of the actuator, t is tine, Benfis the back-enf..and V is. the
veloci ty. - Ebes drnShe e bt RpoHbh e Bl e e e at e thased e ¢ e
val ue of Vel atidifed HpfopligkRt i on and jerk together with the nechanical and
el ectrical characteristics of the system The conponent attributable to
velocity, vff, i$hsisgalfy voltide feedBQwad 28ud hmeprovasphanessporat and denmby ef the
acceleration, aff, s calculated as foll X =ma=K[= Il =zma, K aff=IR= K R
There F 1 s Sles il STeoHoTEs cAonuRa heferionTied ialss Sorianhed ooy
syst em and g uydes rdalifly $6:1ab1e 4aAGE ThELRlHAG: cal BE iR 1181d ihbRMeaR! € to
jerk, jff, ar;|1 sugafcuﬁbéfg‘gaza%y: s 14- m:I{F § :Klrgmznﬂﬁ :Kldl l(rrﬁ dt dt
j ff=Ldp=L kasinplexity. The limiting factor on the response is now determined by the feedforward

10 value and not the bandwidth of the current control loop. This leads to a faster response with

less phase difference.
Embodiment 2

15 A second embodiment of the present invention is illustrated in Figure 4. The
construction of this embodiment is as for the first embodiment save as described below.

In this embodiment the single-phase actuator of the first embodiment is replaced
with a multi-phase actuator 11, for example a three-phase motor. Each phase of the actuator
11 has a corresponding control system as illustrated in Figure 6. Each control system is as

20  for the first embodiment with the addition of a current commutator 3 and a voltage
commutator 7. Current commutator 3 has an input of the current setpoint Is and position
dependent commutation phase information ¢. Voltage commutator 7 has an input of the
voltage feedforward Uy and position dependent commutation phase information ¢. The
position dependent commutation phase information ¢, represents the magnetic phase that

25  the coil is experiencing (this is dependent on position).

The current setpoint and the voltage feedforward value are calculated in the same
way as for the above described first embodiment. However, this only gives an output of the
amplitude required, and does not consider the phase. The current commutator 3 converts
the current setpoint I; from the motion controller into the correct value for that phase, using

30 the position dependent commutation phase information ¢. Operation of the voltage



Where Jd is the desired jerk. These equations assune that the actuator is
directly coupled to the payload. If a gear ratio is used between the
actuator and the payload the values of noving nass, desired velocity,
desired acceleration and desired jerk will need to 5 be nodified
appropriately. The use of a voltage feeblberward val ue i nproves the response

and accuracy of the .systemwith little extr st. .The, cal cul.ati on of the
f eedf or war 8%‘51”%% s'S ts_%‘i“if’rrirp?/reqaifuanﬁﬁltﬂ_ée Voitﬁ%f %&‘gf(éwaé%_ﬁifﬁk}e E\Qﬁﬁ?‘lfg?ﬁ’feé’ “data so
the contr ollieEalGamiddenhMRIs0 L6k kikht hbi 41l &F thd\nGRMEntk th theQBRARXI ty. The
limting factor on the response is now determ ned by the feedforward 10

val ue and tedfariverdomihldwindtwith tife ihenetaphasathecoiity edpetiommge, Thd s haalsha o a
faster response with 1|ess phase difference. Enbodinent 2 15 A second
enmbodi ment °OPPLIFALYITUAERE 19 BPYACls i1l ustrated in Figure 4. The

construgtion of {hi §RENOILEBIE td SeFeedi@vatd@nfrbl $ih §TRAUPARRcRAVE aS
descri bed below. In this enbodi nent the single-phase actuator of the first
enbodi nent hawng ephhdedy wirhberaf phises. -\ i tleandremat ar cabiplefiprovex thepinglea

t hr ee- phase, not or. . Ea phase of . the actuator 11 has a, cojrespondi ng
cont r ol sy§b§m55%atﬁop|055wrt€rﬁte@1wlm?raa% EagredeRuthesgatey 64°h§9f§11§ﬂ18‘? gp as 20

for the fi E&&erﬁ@%‘?ﬁ%@% Vi (LG RLeH ﬁéeagnﬁfbe‘?ioﬁyBﬁ&p{hef&gﬂﬁhéé% 3 and a
vol t age conmut ator 7. rre conmrut at or as an I nput of the current

set poi nt | sepamdt fodsadhi phase. dependent commut ati on phase i nfornmation 4.

Vol tage commutator 7 has an input of the voltage feedforward Uff and

posi ti b dependent commut ati on phase information 4. The position dependent
comut ati on phasgr: r i p ] LG t hat 5 the
coil is experi engﬂﬁlgg%lsﬁ?% eﬂlgoéaoeéﬁsdfen ee@&né‘élré’gﬁ?u onE .%teﬁlggggﬁ(%gh{?%%tb%oi nt
and t he vohjpmgsatteadf thiewaredtiviamae bapectiaddathertvd than dsldescsibe® Theay as for

t he above described first enbodi nent. However, this only gives an output of
the anpl i flergEPHUYs npbatendeditodaaild thegpvengiag, a gprticnlar. sHheeeh opgratien it WHRS
conmmut at or : . Se i . r b roller
ot he o SRPEERoint1E bE dREIAEBRIBbakigy AT OE ARl o paaill
comut g3 i ousifhaseltdgefsempaiat.i The ehbodinedndd daalsofbe tabgptatbior agewith caphbitive
comutator 7 is simlar for calculating the voltage feedforward for the
phase. HO\,\Q)\;@O) amplifiers.

Whilst the use of three feedforward components has been described the person
skilled in the art will appreciate that more, or less, components could be used according to
the requirements of each individual application. In particular, higher derivatives of position

20  than jerk could be included, for example the derivative of jerk (D-jerk).
Although the embodiments have described the use of a DSP or microprocessor

based controller, discrete components could be substituted with similar results.



this cal culation nust also consider that not all of the conponents in the
voltage feedforward will vary wth the magnetic phase the coil is
experiencing, and so not all the conponents will need to be commutated. 5
It is therefore possible to use feedforward control with a nulti-phase
actuator having an arbitrary nunber of phases. Very little increase in
conplexity over the single- phase situatijgon of the first enbodinent is
required. Furthernore, each calculation of current set-point and voltage
f eedf or war gyngeg-only be done once, there is no need to repeat it for each
phase. 10 Wil st specific enbodi nents of the invention has been descri bed
above, it wll be appreciated that the invention nay be practiced

ot herw se Hhan gf dg criped The. description.is not intended to limt the
i nvention. 11n pArPPERH SYPEMPr RN RFUEiCORPHN Eer ns  of a current

set poi nt has begRetf&isE sédeedor foh@al@ﬁﬁb@x% ARBdifed CitreRCor2eRAEE forf AppI9RABsaid on
15 using a voltage setpoint. The enbodi nents can al so be adagt ed for use

wi t h capacbesitiening peans acegrginef foer slesipgd pegitioh andioe dsfivatiires dhereeld PHrsaish d

conponent s scribed the person skilled in the art wll
appreciatepgﬁgygﬁgggg%br | ess, components coul d be used according to the

requi rement s of a eagtiolierdioyi dligglttigppl sig@dli tonbe Istpplidt toC bdidrpositiogih@r means
derivatives of position = 20 than jerk could be included, for exanple the
deri vat i veagsPrding to said degirgd curpent oro\phiaee; #8d enbodi nent s have descri bed t he

be- substi Lut ed R SRR R ro P paifg SRt VB dfRRGR & FARRE RS ol ¢

be substituted sim res system
for positisad ogptrollans coangatédsinragfeedbasle 1qapi sath gen éreadontrofl@rhas ab dsllimgtut g a

desired current or voltage for supply to said osi t.i oni ng neans accordi ng
Lo a desi rGEPILYEeR SRR et sR] iR et BpasEIed SHARt G5 58 it8oni ng
means; a Cé}ﬁ};{c@gr&g&b&g{ﬂ&%&%ﬁgiﬁ@ a signal to be supplied to said
positioning nmeans according to said desired current or voltage; and

calculation means for calculating
a velocity feedforward value using at least one selected from the back-emf
of the positioning means and the desired velocity of the positioning means, and
an acceleration feedforward value using at least one selected from
the reciprocal of the motor constant of the positioning means,
the electrical resistance of the positioning means,
the effective moving mass, and
the desired acceleration of the positioning means,
or any combination of these; and
addition means for adding at least one feedforward value to the output of said

controller before it is supplied to the positioning means.

2. A control system according to Claim 1, characterized in that said calculation means
calculate said acceleration feedforward value by multiplying said reciprocal of the motor
constant of the positioning means, said electrical resistance of the positioning means, said

effective moving mass and said desired acceleration of the positioning means together.



at | east one sensor for neasuring a present value of current or voltage;
wherein said controller is connected in a feedback |oop such that the
controller has as its input the error between said desired current or

vol tage and said neasured current or voltage, characterized by further
conprising: calculation neans for calculating a velocity feedforward val ue
using at |east one selected fromthe bagk-enf of the positioning neans and
the desired velocity of the positioning nmeans, and an accel eration

motor constant SretRel oart PERRnERE 4 ofE bRt b B BakiE RABGS R 1T

posi ti oni nghatredd salchlbgore ety furiBenaitdulges®$sk fesidoriaal dase nsidg actabtesmat | on
of the positioning neans, or any conbination of these; and addition neans
for addi ngSAecedfE@ one feedforward value to the output of said controller

before it is suaggécﬁoégﬁggg%trg&g}gdélgahp&tﬂgmo Cg?éle ntrol system

according to Carm erized I n that” sal al cul ati on neans
cal cul at e sai d theecébaivatmoving mas or ward val ue by nultiplying said

reci procal of the tor constant of the positioning neans, said electrical
resi stance of t&l‘@_sgg dPFtﬁﬂ‘?erﬂfttﬁ"e%‘_?‘?ét}O_n%lﬁga“éf ctive moving mass and said
desired accel er @tigefredfierkid® ROsitioRHgRBedggans together. i -17- 3. A
control system according to any one of the preceding clainms, characterized

in that said celanylcambontioeahtheseurt her cal cul ates a jerk feedforward val ue
using at |east one selected fromthe reciprocal of the notor constant of
the positioning neans, the effective noving mass, the self inductance of

the positisni NgABARS syRBf actdiind@s O18M 3, Chdra@briddan B kdid edlcgtise@bsns Or
any conbi nation of these. 4. A control systemaccording to Claim 3,

char act er i cadenlate saigh jark Segdformagrd vialuge by mulignpigg said reciprocal of the motor constant

of the positioning means, said effective moving mass, said self inductance of the

positioning means and said desired jerk of the positioning means together.

5. A control system according to any one of the preceding claims, wherein said
positioning means is a multiple phase actuator, and further comprising a commutator for
each phase for adjusting the value of said desired current or voltage and said feedforward

value.

6. A lithographic projection apparatus comprising:

a radiation system for providing a projection beam of radiation;

a support structure for supporting patterning means, the patterning means serving
to pattern the projection beam according to a desired pattern;

a substrate table for holding a substrate;

first positioning means for moving said substrate table; and

a projection system for projecting the patterned beam onto a target portion of
substrate,

characterized in that a control system according to any one of Claims 1 to 5 is used

to control said first positioning means.



calculate said jerk feedforward value by nultiplying said reciprocal of the
not or constant of the positioning neans, said effective noving mass, said
sel f inductance of the positioning neans and said desired jerk of the
positioning nmeans together. 5. A control system according to any one of the
preceding clains, wherein said positioning nmeans is a multiple phase
actuator, and further conprising a commygator for each phase for adjusting
the value of said desired current or voltage and said feedforward val ue.

6. A lithographhg; WIS 1oSth G LA Lo syst em f or
provi di ng g' pr o%ggﬁ%ﬁ%gﬁ%?&?gﬁﬁ#ﬁso%?maﬁﬂg nglrup%s%?g%%ﬁﬁ? %l '
supporting pat t sacomcppsitesugg medns fpanoeng said superistiwetur;ng to pattern the
proj ecti on beam accordin 0 desired pattern; ubstrate table for

ol ding & subst PATER 4 PotEio! et AGHIGE RLameoRoe! aUPny (5t S PR
tabl e; andsfd ReRGos@idnmyTh&@my.f or projecting the patterned beamonto a
target portion of “substrate, characterized in that a control system
according to any one of Clains 1 to 5 is used to control said first

posi tioni ng neags, ~ -18:.7. Ji.thographi c proj.ection apparatus
Rocording Fo of aearBoims Rl paivtiby RS AEQEER BT B hE heans for
moving sai d supgédlatiipldiddsited cuntdift loe ivoltdgecon bupply fySdsaibnagCaeaisngedrdingny
one of Clainms 1 to 5 1s used to control said -second positioning neans. 8.

A control Wexdesied pasitipssiog{os dPrptivensreobppiakPasifianing Weass of : cal cul ating
a desired curr eéa‘otr%ﬁngoal hi2 réd)&%r?éﬁpm‘ YolidhePoih ishid U iflod Eiliieht 3F CBlide¥d 1 ©

a desired position and/or derivatlives sal d positioning ans;
subt r act i ngplaulate ass erréxdvatue; bt or vol tage from said desired current or
voltage to calculate an error value; and_inputting said error value to a

control | er whi cRPYHES S & yalEs to peentiodes aitich puiBpts; o engl HPLhdo said

positioning means;
characterized by the steps of:
calculating a feedforward value using at least one selected from the back-

emf of the positioning means and the desired velocity of the positioning means,

and
calculating an acceleration feedforward value using at least one selected

from

the reciprocal of the motor constant of the positioning means,

the electrical resistance of the positioning means,

the effective moving mass, and

the desired acceleration of the positioning means,

or any combination of these;
and

adding said feedforward value to the signal input to said positioning means.

9. A device manufacturing method comprising the steps of
providing a substrate that is at least partially covered by a layer of radiation
sensitive material;

providing a projection beam of radiation using a radiation system;



characterized by the steps of: calculating a feedforward val ue using at

| east one selected fromthe back- enf of the positioning neans and the
desired velocity of the positioning neans, and calculating an accel eration
feedf orward val ue using at | east one selected fromthe reciprocal of the
notor constant of the positioning neans, the electrical resistance of the
positioning nmeans, the effective novingipass, and the desired accel eration
of the positioning nmeans, or any conbination of these; and adding said
feedf orward val ygng 9atrté}§m§'rﬂ&ﬁg té BRMw bR [58]ctiRPBeant WM piRAN S its Brosé
devi ce manufacturing nethod conprising the steps of prOV|d|ng a substrate
that is atSﬁ$aBﬂm@art|ally covered by a layer of radiation sensitive

mat eri al ; prOV|d|n oj.ection, beam.of ..radi at.i on_usi n adj.at

Systen - 15 usPirirtie Py R Rarme o6 aifibh S DR dbrdn RELR ket
pattern Inrmﬁﬁuﬁﬁgﬁﬁuwﬁﬁgkﬁﬂn and projecting the patterned beam of

radi ation onto a_ target portlon of the layer of radiation-sensitive
materi al ; elrapcierized iipdhat thetmayenends abvempaitesnisg mepns pad{csrthe mybsiatm are

and/or thecc?ril!t%?lteﬁaglgggrcgntroci%pettﬁo% dc88katy BYafnGONt ol method according to

claim



