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P-1534. 010 _1 Control System Lithographic Apparatus, Device Manufacturing
Met hod, and Devi ce Manufactured Thereby. The present invention relates to
a control systemfor positioning nmeans conprising: a setpoint generator
for cal cupathng, desired current or voltage for supply to said

posi tioni ng neans according to a desired position and/or derivatives

t hereof of said oSkt ioni neans:. controller for outputti a signal
to be supplied Fg"g'&%y%?r ﬂﬂgﬂg'ﬂi%‘gﬂgﬂ%&ﬁﬂwcﬁ f'b“@ﬁ?"&'%@lgm’current
or vol t aggnd Midice Mandfac@ire® Thefddysor for measuring a 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 voltage and said neasured current or voltage. The term
"patterning neans" as here enployed should be broadly interpreted as 15
referring to nMeeRSplbdh imRAtiSFretietolatoftHCWsRh foP BOMiNng AfthAL | ON beam
with a patterned cross-section, corresponding to a pattern that is to be

creat ed i compiisamgiet portion of the substrate; the term"light valve" can

al so be used in this context.. Generally, the said pattern_wll_ correspond
to a particul ar?fERaps %ﬁ?ﬁTat‘?rg%?al‘fqﬂ\atH‘%"e%S e HuTRG Ok YltAge dor sypphydo said g et

portion, ?m Alad joLitdd ' :
Exanpl es g Sur@:ﬁg 28“%2‘{? f[é %?ﬁ%gﬁ(g a(r{rigg%s& éog@{og%%id%ﬁa&ﬁ@srﬂgﬁggﬁgéepc}(f") of a mask
Is weld kpesmiorimg meadzogr aphy, and it includes nask types such as binary,

al ternating phase-shift. and attenuated phase-shift, as_ well as various
hybrid mask typRsontisllgr arouipuginga signal tbesupplicd isaidpasifiqnifie 1eMH causes

sel ective ASMASS| L el . aqtransm ssive mask) or reflection
(in the 2%&%132& gfssajépékéq&%gt [ Vé%ﬁi@ﬁa%ﬁ:,o@dt he radi ation inpinging on the
mask, acceor di ngattleast e sepedrifor measurink @ peezskt value dfitarremss voltage; mask, the
support structure will generally he a mask table, which ensures that the

mask can BBeRE Yidongroligiis capnesisdiip pdeedback Inep syahchii the conteallst hasrasilsam  and
that {4 C&Bupﬁe TRYLOtEL LY Gedidd tc{ﬁ?elﬁ%?%ftigcsdﬁd Baid Frchs O cf.u%erﬂ%?' red.

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




- A programmable mrror array. One exanple of such a device is a matrix
addressabl e surface having a viscoelastic control |layer and a reflective
surface. The basic principle behind such an apparatus is that (for
exanpl e) @dlfq‘?@ﬁﬁ?d areas 5 of the reflegctive surface reflect incident
light as diffracted |ight, whereas unaddressed areas reflect incident |ight
as undiffracted %.h% t. Using an appropriate filter, the said undiffracted
| i ght can be fifi ered out of the reflected beam leaving only the
di ffracted |ighi frefianthablémifforariRn ORE exiipleRE oREdSI®RSs A dtgxned
according to the addressing pattern of the matrix-addressable surface. An
10 al ternative adfdsessiblegurfefe havingagrisoentasticecanito} layerandareBegiiveysurfacemat ri x
arrangenent of tjiny mrror ch of which can he.jindividyal ly til.ted about
o e by appiyf Kerbai PR s #ieaiafilds PRLIPr APl adlirset ey ng
pi ezoefectric agrihdaéfRlveRanie réMeCineRidhiNight BediFridt@d RglR! Rhereas _
mat ri x- addr essabl e, such that addressed mrrors will reflect an incom ng
radi ati on beam imaddrassdd areasreflefit innidand hghtms nodiffractet}t kghte @simigranmppropriatet hi s
manner, the refl.ected beam.. att.erned.accordin 0o the dressin
pattern of the Hut% ﬁ}?ﬁ&ﬁ@}‘@é@gﬁeéﬁlﬁf‘&iﬂ&%ﬁtﬁ% qgaﬁhﬁéﬁﬁ?ﬁﬁ? Ei?m’iﬁi‘ﬁ&'@ssi ng
can be perfor rregmgsnmmwté@lbélﬁ bShifd; ih W5 TrafRE e HeAmRESMES pdtidtned
situations described hereabove, the patterning neans can conprise one or
nmore progr anmaddoerding roothe addrassing pdttemn ofitho matrty-addressalile surfacearArays as here
referi(gd 20 to can bhe gl eaned, fgr exanpl e,1 fromUnited States Patents US
5, 2961891 and URteraatysrmbodiment of pesograrnmable MIFOT €22y YRRIOY? §8IBE597 and WO
98/ 33096, Whi CharrasRmieRCSN R rRirRAs, RESHES WYL EAT B B8R fduall) (108 a6l 8n akis?
programabl e mrror array, °“the said support structure nmay be enbodied as a
frame or tabl e, by appleingaphiable Weakiedredectinefiéld xedyamployinp bezadeatacui red. 25
- A programmabl e LCD array. An exanp] e of such a construction is given in
b FOREERARI ah ey

United States BAFRHODTEENS, Hage agan, Uypmipors arg Matgx hapeh

reference. As a G e Rt hi ied as
a frame or tabl %,RM os?d H&E%%pwﬁg?é%?g%%ngféﬁf?eﬂaﬁa&g%ﬁ%@ﬁ%g@ égggﬁ%%i red.
For pu§ poses of tosumdtesset ymintolse in thid marinet ths reflexted beyn ispatteenddaicoording

| ocations, specifically direct 30 itself to exanpl.es involving a mask and
mask tabl e; how\Bf addrgesingpatier ofhe Rafry-addresgable migers. jThedequired matExces

shoul d be seen L iy Ldf a0 3 BertGAMitting itk eRREHAE Mddfls. FAibth ofthe NEr €aDOVE

set forth.

situations described hereabove, the patteming 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.



P- 1534. 010 -3 Lithographic projection apparatus can be used, for exanple,
in the manufacture of integrated circuits (1Cs). In such a case, the
patterni ng nmeans nmay generate a circuit pattern corresponding to an

i ndi vi duap_q3yegfo of the IC, and this pagtern can be imged onto a target
portion (e.g. conprising one or nore dies) on a substrate (silicon wafer)
that has been 5 WL T ;{nﬁ&i ' -5&%; I; '
(resist). In ge%g%%ﬂlé%%oibgcﬁghm?ﬁ% l%%érlﬁ?gf na vl\%éi{glerr%%ﬁmg% rngf
adj acent imegyatd pocuiis@ICs) Ihatckns eassihe @sisérnidizyndans ackly gendateiascidchie pattern
projection system one at, a tinme. In current apparatus, enplQying

pat t er ni nePTERpPanding o agvindividugllayerofthe IG; apd this paticrp pancbginigedante afatefben
two diffe . ' i Lection
appar at usroagn{ P XBoisHRHeds mdrPRBot 4 byt GENROLARINE HEBRAET ) 07
patters otwated with addygebdf fadiatiooRensitivenrateal (Ruct). hingeapd rassingle wafet avitionl y
referred to as a wafer stepper. In an alternative apparatus -comonly
referred £¥MyE ayhalepetwark aladicentiargehportions thatage suacsysiesly wediateshvip the

i rradiate . sl : ' j ection
beam i o alosuah AR LSRR WoRRES cBlolghaddBiiRl of DRt 64 8
synchr onopablytablan distigctidiec ad Weshadetbeni dehltwo diffatitalpeaarof atiching Alihalnk @ypet 0
this direction; since, 15 in general, the projection systemw || have a
magni fi caef ifhographis projeqtiparapparaiuy, each farget pertiogge ampdiated by\arrasngae &gt r at e

table is nn wll be . | | - le is
scanniy® FRRCPERPEbIG B R BRABh b B il Rl el € Sobibay Rithet?d
descri bedagawahe s@ppanRthn dlRmatixe Bffaeatud L Wonidoly 463, as ianteprpdrsehne d
herein by reference. 20 In a manufacturing process using a |ithographic

proj ect i ORPRAPIBY at eash targetnoriderhis ifradiated by progressively ssanmingthg reask patiern
substrate_that, i s at..l east part.iallw covered.hb laver qf.. . .

i at  on A e ot B 1Y b8 efe SREHER Y B dirseton il
subst r at esyRHronBERY SQnniRthOsihsRite eldipaallel By aiti-parallEl tBithig dire&idns binegat i ng
and a soft bake. After exposure, the substrate may be subjected to other

pr ocetiur ein geverah theprejqstion systgro il bavskmagpfigytiondactgelye(gsperally < 1 thar d bake
and neasure [inspegtion  of .. maged, f eat ures .S arys of .

ot ocedur oPeRE 3, e i sHple (5% 34 FH5 Yt ron MRSl ¥ Phich s ce.

e. 9. an | fasiSblk i8 scannbd. NSRAnfornStion Rith tdpan eNHRSEHH@aé AL lBheresses such
as etching, ion-inplantation (doping), netallization, oxidation,

cheno- mectesaribed candiei gl¢anad, forexample,| from RiScHOH792% irfcorposated bereindyy i ndi vi dual
| ayer. |If sever al |ayers are required, then the whol e procedure, or a
vari ant reicrence.

20 In a2 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, €.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




30 thereof, wll have to be repeated for each new | ayer. Eventually, an
array of devices will be present on the substrate (wafer). These devices
are then separated fromone another by a technique such as dicing or
saw ng, V\/@_el%ggo{(pe I ndi vi dual devices cgn be nounted on a P-1534.010 -4
carrier, connected to pins, etc. Further information regarding such

b t.ali ned, .f | R t book "M hj
Prbrtoat: SiTer Spnet e 30 PR, sth ureF Ehortag Rt et R caiéigs SEARE o
Edi tion, bbtained Sor ¥aimnpdatrom MeBRW "MitlochipFababitidd: AT actichP@didekeBN

0-07-067250-4, incorporated herein by reference. 5 For the sake of

si npl i ci t femickadysierj Rrocdseing'’s yidird fiditegn, by Peienuin ZantpMcGedve Hik fublishirg t he
"l ens"; hpwe | r oul.d be b dly interpreted as enconpassi ng
vartous t yBed LS REPBUCY dhestporpied Perem ey BBt v opti oo,
reflecsive optipgnthdBikeGHsAADIRMY! the pPdjSdtRMSysteth PhayeRdRARer bEREfefrafli?dsl ON
system may al so i ncl ude conponents opérating according to any of these
desi gn t ypedldns'; hdivewer thisyterrs ishqild e broadhyrintegirkted gs efvompassieg varous gem of

radi ation, .10. and such co nents may also he referred to bel ow,
col | ect i vBfRFoisEIIan Sy NGUoing refraciiyd,aptics, reflFetiyg optic,and CrAGigPEis yetems,

appar at us y | £ . t wo
o mor ¢ et rpleCTh e KRG 4 Mo TBE Corh Sl el B i B

t abl es nufthbse desigd typesfarditdcthg, shapipg epamarbiiing the prgectioy bbam ofiradigidnput on
one or nore tables while one or nore other tables are being used for,
exposlf esandsigh campguents mgy @Nsagﬁ rederred todslows cqllectivelypr smgukely; as pylersianpl e,
in US 5,9 ' 'ﬁ%ﬁaﬁi r Duri ng
manuf act u?%ﬂlfe?’]tlhgﬂﬁlggéa gg:ga 3)%%%&%{\1@ t Lﬂtﬁ%@iﬁv&t | n%}orﬂ%{ﬁ?es‘a%%a?ée]%tﬁhﬁosi tion
for | oadi Guid/onnkvoacimoe: mask kles)s Iit such Finultiple sthgs? degicee trdditivnhlaabiey e t he

mask. It is inportant that any novenents are carried out as quickly and
accur at el {rayse gepdsinpagallel, or preparainry Sleps Way be FHTIgh BBt oTPne 9rdnes fahles us and

t he quality. ' ol frolled b
a rm? I on %%H?&%% %@Pgﬁ’;@gﬁq&c‘}%@d@é F’?‘%’gﬁg%ds@ Pwu%eﬁ%%s thﬁﬂé)%ga%glg] eration. d
The nD§ i ofppacdtiy 4t dedcripeddbpéample, G BISr 2690441 it WQr 98/40 794 gimcbpohited
supplied to an actuator such that the desired position, velocity and

accel er at hggindyaefesmmcai ned. This desired current is input to an anmplifier
control system £ i . 25 f I L h '

current o%/ vol tgggﬂg g’%ﬁ%ﬁ'ﬂf@égﬁ%&%%gﬁﬁg gl;rPe. éuﬁst?ag{;é lIirr{ptﬁ iﬂiel cg)él%glé%&ésrﬁg)% of
the contr fr 16adaigs ihloading afd BghcsuRNRSRayBldo it icedsary3b andveithe nagtirigisS.  The

nmotion controller provides the input of the desired current |I. The present
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.




!

value of the current Imis nmeasured by the nmeter 12. Imis subtracted from
L 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 8%3%Rﬁ)anplifier 6 into a volgage which is provided to the

act uat or E . e controller 4 is typically of the proportional, integral,

differential (P type, P-153 10 he rameters of. the PID
controller 4 ariép%%?é@ﬁﬁeﬁse?fjtgﬁlﬂﬁﬁ%qtﬁ’ilﬁ %-amt%gemﬁ%egﬁé’nﬁogﬁlfje%% & ectri cal
char act er irebhdscaPind ElectfiYaicBiacttiids¥F BRI SteinS TRORSHERE REEbRHaihbeby the
requi renent to keep the system stable, accurate and within specified limts

of phase ragpiremertrie &ceprhe systen stableancourate and withinspegifiedilimits whplase novenent

to a desir, osition can . 5 be. achi eved. - The perfornmance .of, t he. system has
boen | mor UEEER THSE RERHainB Ty He e e sl aBeomor IR A s R RO SHEPD | | nt o
t he cad cuhahdigeve@f the desired current IS in the notion controller. Such a
systemis illustrated in Figure 6. A PH) controller 24 has an input of the

error between t ke perfamance @plidbé systam pas Baed impwvpd by adding pelotityanda set poi nt
enerator. I3 10 qutputs force F.. to ve into the desired.pgsition ps.

Roron 111 ssplestion erirecortiol Gup thesaliGuantip deired St bah Begspiay ot om
to give bgifiilet saskd si4an fiééigl %t?é[téﬂifﬁ gure) %‘-ﬁ[ﬁi&h&oﬁ% AEhs 2 i @B@B{e' vely

carry out an accel eration or war cal cul ation and a vel oci
f eedf or waemordmbeednahe orrasisedpositivm mleaidrthe postiorep; fion aaetpeint geddrator. Itas and

velocjty, vs fromthe setpoint geperator,. and know ed of the nmechani cal
15 ohif acPuPREaTowe & g Mave {de Hin desiped pasttiony. lﬁ?tcle it 6 snprepses specinc

cal cul ati - 6o d rméh f the notch
filter 26&9%6?%{].{%?@%8%% P?’*Jé%fﬂetﬁa%‘ge not gﬂo%@llﬁgekr?p% Fér?lal ly the force
I s converted i nCalcalatws B2and 3&tgspactitvelly Salry otiten acoeleratibe feedBruardig t he not or
constant. (The, notor constant defines how many Newt gns pial{eg?ﬁnp t he actuator

del i ver s. §alaptionadi ¥ yederilyfesdfonwasd calayptinnotsinetip drdedyd 1raspeletatighn t he

constrain f t | £ I | chiuses only

Feedback  anireloffy Sobl e RBboRFBAUEE oRE RIS EFIneilich 2o, DT

be pr p8lucelthracteristiog afthe wgdtem. Theresidspdiiscfeedbiwdré caldaladye chy Ry fltEvigree o,

requirenent to keﬁﬁ the current controller stable and any phase_ difference
<

in the s§wdded tpriheoypataidhe pefch Slteis Aofirhrendiphbsrdded Pp bR AltCERY
acour acy finaliheRYRE Worfvarebd inkd o BlraEROnPL, bl e RIFERG' 38 W thé Aidid:O

i nprove t curacy and spee
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




novenent control system This and other objects are achieved according to
the invention in a control system as specified in the opening paragraph,
characteri zed by adding at | east one feedforward 30 value to the output of
the contrelsgyofpfore it is supplied to_6t_he posi ti oni ng means, wherein the
feedforward1 vaPue I s cal cul ated using nechani cal and/or electrical

character | g4l -0f. P- 4 -6..s3i d . Lt §oni a an e desired
position gﬁngk §$tlgéP$ \?i;e |S\/aergsﬁ]tﬁ'l;léhrgséfg3 nglpl? ﬁgﬁ (!Ij?)l[(}l'ls‘i’lq iaﬁ?srr}éerﬁ%a%étge The
r ef er encepébsitionifigfiieid position and/or derivatives thereof includes
position, velocity, acceleration and higher derivatives. The reference to

mechani cal and/ &he Efeengs te 4 desmed-pasition andios dedwativag thetref insludes pagition,

resi st anc o t . ot or cahstant of, the.positignin ans, as
we | gt RO eI NhART aPRY Sl d TR Kebenfi i B R AL TR S

si ngl e5 or chathdtéristioirRludies Back-ehf) esistdi@e, R FIRTictanby &t mBfdr 38Aktarit @€ fife0r War d
control into the current or voltage control |oop. As described above,

f eedf or wapesiionng oicatrags wek as thepnodng mess. Mbe positioning means may b¢ amactuatornt
(or vol tageg 'Selt poi r‘l_‘tlt.bgt nott to the control of the current (or voltage)
cont rol | eP" * HEEE °f FWERCHF % et poi nt. By providing an additional
feedforward conthg, 11l /RNt inkBftiACAIME RedfoARard3RBEE! iffo the REEMTPIBRSe! S

i ncreased. The system'al so suffers | ess phase delay, allow ng higher

overal |  pantfodlonpnAe desedibed abavecfeediioswand conireldas hetroapiplied pptheedlculaiolhe
[imtj factor on the rate of chan f current, (or volta LS no
tet or S hred orraliatd impta G o s BRES SR s el tor 3Pitkgea Sl o

rather thagdtiheedRMbNedidmtof the current (or voltage) control |oop. Errors
are reduced and thus servo performance increases. Furthernore the behavi or
of the system i By porwdipg edliadditibhal feadforeant contriobélement the atminacyead lspeed dfi ke a

"bl ack box". 20 A velocit eedf orward | ye be. cal cul ated .usin he
bk ont B RO 5 Srereashd TP SRR A earS o PREeE 13 B paher eyl
vel ocity gédgrﬁﬁnépé{dtéﬂamsfﬁ% 'a-EB%eaﬁﬁlié?ﬁi ty feedforward val ue nay be

cal cul ated by nultiplying the back-enf and the desired velocity together.
An act®l er at i onThebuidtorgifactdr vathecateaf change alf cudrartt éor wediape) is hewrdeterpinedal  of

e 2 B o D28t QRS S 2t e i hS B "
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).




1

the effective noving nmass (which are all known) and the desired

accel eration of the positioning neans. The accel eration feedforward val ue
may be cal culated by multiplying these values together. A jerk feedforward
val ue naypplgsg ul ated using the reciprocal of the notor 30 constant of

t he positioning nmeans, the effective rm\7|'ng mass, the self inductance of

th i tioni .(whi ch d the desi jerk of th
posi ¢ oni ng mealy CHeApEon g B0 ke PR TR YAl S GBI
accel er at {ebutguliof thedBhiryRéritNEp&forRafdd is Mireastdt. TP 4alkdfdtiod oBthecal cul ati ng

one or nore of the above feedforward values and adding themto the output
of the cofredfirwand values perelativalyrsimplesind e baiseplemdited wathoud requiong ofiduehe

feedf orward values is relatively sinple.and can be inpl.enmented w t hout

r equi 1 ng RS Buhe PRRTdlsr Thervalied ol o charastasrdiog 0 Hosiispiegnodss

char acs er jralibe Setfnct Bfd Rﬂgédenczﬂ iréfihedRAMS léomgpﬁfﬁﬁtpeﬁﬁﬁﬁmﬁ@%fﬁﬁr gotten or
refined using know edge of the performance of The individual systemin

use. The mdohdudl system an uses The atchanidah valfiesubed imthe deativroardicalodstionsef | ect
t he mechanics of th ositjoning neans. Thus,.if a gear, ratio,is present
botuen s ftect Be mePiaesp b R Shrivg Mesnsn b hsnif 4 45ar (hiP s Brosen hefvreh 1
f eedf or wap g€l 1O tHd i, 9 k M.10
Hi gher de?i&\}gﬁl@é@ejgﬁﬁ posﬂi‘\% #’%yrll&?atgggﬁg%é%ee@?a cgf{g{ %gvagcﬁgilﬁﬁé?%gﬁn bfe or
exanpl e héedjtebk'modifie dpprayiniatkdy.i vati ve of jerk (fourth derivative of

position). Optignally,.the positjonin ns may be a nultiple phas

act ual(gr, and fﬁ? éﬁenvgg ?tiﬁ’s’éloéé?ﬁ%ﬁﬁﬁr%a'?ﬁcai%'xat%‘g@ﬁi lﬁﬁlﬁgé‘gff%rr‘g‘éa]p ting
the val ue«gfi g h e I @k . -hef eedf orward val ue.
This al |l ows Jﬁ(e’etggﬁﬁtg s@%g? t% oemﬂégélltli y gggg?eg&pbr 15 use with

mul ti pl e phase @eptioallys the pbhieivring Sneaas mag de homdtiple phhdecacomkarpdmt fuetherof t he
feedf orward value, the result is adjusted by the conmmtator. According to a

0y
further aSQyBREScskconyButaloy &orgaph Phase for adiuspg thegwdneofithe desired gurrent or
projectio IR 4rd i Laadiati r i, Ol
proj ecti ogo%«%g?hhgiﬁé?fggl at |dc1;§1'vgf%8 Tﬁlas a?ﬁ{a’gtéﬂr"?& g@éﬁ%ﬁﬁe&fb&?g agfp%dc#%dﬁgr
pat t ethi ngsenein multiple phatactubiony TheS neaicwd foaltek theraldutitiontdfiehepr oj ect i on
beam according to a desired pattern; a substrate table for holding a
subst r at efeedforyardivales theiresiltig adipstad by Hhe copymatotai d substrate tabl e;

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




a projection systemfor projecting the patterned beamonto a target portion
of 25 substrate, characterized in that a control system as described above
is used to control said first positioning nmeans. The |ithographic

proj ectiop_appai@tus may further conprige: - second positioning nmeans for
novi ng said patterning neans; 30 wherein a control system as described

above is Elﬁﬁé gﬁﬁ;} . It oni ng: %{jg?s
operati onH%?gr{lhlg (ﬁit %Igir ap |I‘(::Legpp rg{tﬁgﬂgsﬂl%rq%\r}g . h%ll(;s%&e{ggrég&?
P- 1534. O1fhreuhpot demtacydf the endviemneht ia aldb dmpfwednd positioning neans is

I ncreased, allow ng greater throughput. Accuracy of the novenent is also
I mproved. According to a further aspect of the invention there is provided

a contr ol et NodccdiafBio BSld: AReREoARR IR CARIPAER0 BB GRToPhetnod

cal culating a desired®current or voltage Tor suppl oni'ng neans
accor d§ ngfdrositidring hesdnp oshprising tiedieps ofler i vati ves t hereof of said
positioning neans; - subtracting a nmeasured current or voltage fromsaid
desi red curr ent caeulgting adpsired cwrzent or ¥eltags doresupply to apsitioning meappgneprdingy sai d

LT, U AR BRI A AR B B0 52 o

usi ng nechani casubtraétiny a Rlesikéd GdtentHvolap e froftJafibdesitbd @réht PPHoItdgeRd NY
nmeans and sai d desired position and/or derivatives thereof of the 15

posi ti oni eAjculetass errgnwalugidi ng said feedforward value to the signal input to

sai d sitionin ans. .. Accordi to.a.still further .aspect ~of the present
hvenffon: ¢ ner PG5 8 “afte 5o bauRIBHibicholimiEA rBRRIBPu ) o the
steps of ! peyidHiAl Meass; Substrate that is at |east partially covered by a

| ayer of radiation- 20 sensitive material; - providing a projection beam of
radi at i onchasaaterizedbsidi ati on system - using patterning means to endow the

proj ection bean}:mt}lfginag L Fete&f%;wnaridr\]/ail}e%sﬁlrg%&hanical 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




section; - projecting the patterned beam of radiation onto a target
portion of the layer of 25 radiation-sensitive material; wherein the
novenents of the patterning nmeans and/or the substrate are controlled using
a controp_gipaf as described above. Alt hough specific reference may be
made in this text to the use of the apparatus 30 according to the invention

in the ma . it sho it by ¢ such an
appar at us HEae il ekt LEEH Saf Bl els inp ANTHERAR g b
enpl oyed Theskilled antisarf @il appeecidte ihat,dg tial ctteapdf arh aliydheveapplivatitmscayand

detection patterns for P-1534. 010 -9 nmagnetic donmin nmenpries,

| i qui d- cr Y ofithejieaps apticlghemafert oy Yg"i in Mnprieyhehquid beeensidegadas beinge skil | ed
artisan wj i in & Ga of rpat | .

ool e lacBBBY B AL gk el S R b il PhATORS bl
text shioul d be hnhspeRémdoasmbitt the terhePrAGAbND ¥nd el e gSIdaD @hcdniyad®
"mask", "substrate" and "target portion", respectively. 5 In the present

docunent , 2} BPes af flactromagngtic pdiatigpdnelydingultsgvioletyadiation (g avigbss  al | types

of electr ' haki @R, 1ENC] P ul.t i-ol.et radiation .g. wth a
vevel ongt ARG 3852 G8A: 1 LT8R 9 Sha s Bheltny it HuRalfidh o o o
radi at i onhavngla wabélengih irftheaxfleesYd Amb, s Wl dspagr1SbeithsNch a8 SorVSdainsas
particle beans, such as ion beans or electron beans. 10 Enbodi nents of the
i nvent i onelgftren begwsbe descri bed, by way of exanple only, with reference to
the a (?orrpanyi ng schematic drawings in which: 15 Figure 1 depicts a

Iithog aphi c projection apparatus according to a first enbodi nent of the

i nvention; Figure 2 depicts a single-phase feedforward control systemfor a
current anplifier according to a first enbodi nent of the invention; Figure
3 depicts the calculation of voltage feedforward values in the formof a

20 flow chart agcordin tq. first e di ngn of. td’u inyeriltion'1 Fi ure.4
Goni cre ot ear Erdaied gt ybRlaRbionbetssPantd By sV At gragpte gnfe ¢ -
phase aCtW%Qéfeﬁﬁﬁ@fﬁh@ﬁcé&np%nﬁﬂg@&%nﬁdm@ﬂd\ﬂﬁgéinQ;fzhiEl‘&e present invention;

Figure 5 depicts a standard feedback control Systemfor a current anplifier
knownl5 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




in the prior art; and 25 Figure 6 depicts the use of acceleration and
velocity feedforward in the determnation of a current setpoint known in
the prior art. In the Figures, corresponding reference synbols indicate
correspongh@? pajts. 30 Enbodinent 1 P-1534.010 -10 Figure 1 schematically
depicts a li ﬁographic proj ection apparatus according to a particular

enbodi nent of the [nventiopn. ,Jhe a .at us conpr.i ses: a radi ati on st

o T LT or S upb Ryt ERetaheal e p Rt Roap G PRI apRalnfiS Siordig i a " o™

radi at i onpartivhlacémbatlifBhtoMRE invemticy, Tﬁ@&ﬁa?dtﬁ@c&?ﬂ%ﬁzses a radiation source
provi ded

LA, 5 a first object table (mask table) OVi with a mask hol der for
hol di ng a° maska migtengystemrkx, Lol foy supphingopregsstion beam PBr efiragiation (eqni ng
means for ur,at.el siti.oni he mask with respect. to itemPL; a
second obFLY Fcaipe) pafiioin il dariiplelFasiieg BPHSts eRC ISR ST [ 6 hol der
for holding a g% bbRECaME(Rialk taBle) 88T plovidRavath SnaliCREld¥EbERdIdingRd
connected to second 10 positioning nmeans for accurately positioning the
subst r at emask MA éspaottitle), andoerPkcted tfitst pestitiavingysamnof 4écaraely PL (e.g. a
mrror grou f.or imaging,an irradiated portion of the mask MA onto a

t ar get ppP?ﬁ%W‘@th&“bz.%kc?aWpﬁcF%‘icﬁﬁ’lﬁﬁ%ﬁgr more dies) of the substrate W As
here depicted, §B&oAPBEeAL tdblei(Subliratd tdbfd) WEirdBdéd/WRh GQubktralifolder'tsf | ective
mask). However, 15 in 'general, it nmay al so be of a transm ssive type, for

exanpl e (boldingwi substeatt W (egriasssistecoated silicon Atafer), mad icomegtedttheecmpgar at us may
enpl o%/%anot her .ki nd of ' .means,, such as

atternin ) rogrammahle nmrror
o e fof Ry A eang the htlrRewith -Pped 18 e, 1 banced

array
or discharge pl B4 #(0gkre o bk ' mis fed
into an illum ng?{z@crfﬁggg&?rﬁn ill I umP%a(fg'r%)ﬁ Lf%%;ﬂg&:ﬁ&ﬁ;%ih |}ﬁggt§'?§%gr after

havi ng t r partios efl theanasktM Armintg)a target portemdl (g cantpeiamgenp andwre dies) didhe
exanpl e. Tlg{g i Irvzm nator IL nay conprise adjusting neans AM for setting the
outer and?BBUaeher radi al extent (commonly referred to as a-outer and

a-inner, ReHBRGH fé?éd}’)heoa{ppﬁljaﬂls id S'E%?lgti‘v_qu}? (%'[é:glrxd PR fleBtivd 1Radl§ ATowdvar,

addition, 1t w generally conprise vario conponents, such as an
I nt egtat oin geNemhdt may alsd bas€a tréldmiksivd typs, fongxaniphe(dye anitlPBtraismisgivengi ng on
the mask rrlvlg\skh)?iltgrngg\%lyrfﬁge g]?piai'ftlrlsmrlnta%{/ el%gl%yiagg grs 1!:131 o(tji)gt%ernilitrjlg trrile(a)igs,isgcll ;a[lss
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 o-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



N
cross-section. It should be noted with regard to Figure 1 that the source
LA may be within the housing of the |ithographic projection apparatus (as
is often the case when the source LAis a mercury lanp, for exanple), but
that it npysghgpy be remote fromthe lithpgraphic 30 projection apparatus,
the radi ati on beam which it produces being led into the apparatus (e.g.

with the gj ' I ' ' ' 1:S)a 1 Nl .t er Q.13 often
the case olesise T et el Thethirtiiensiblafg CRURERARABE belpo? 0 0,
i nvent i ontlesdlscehaioss enconpass both of these scenarios. The beam PB
subsequently intercepts the mask MA, which is held on a mask table Mr

Havi ng been sel d8¢ peast FBrsubscauensly ipierocpis theamesiviA tridchisdielden ba‘@glegable'
the. sapst Far e spBRiell RESE by baGnt M e o bR e ©

i nt er f £r ofeek PLEwhRASoEisBgthedaid PEonto hhi@getSiobsdn @€ tHedabairad W aWith ehgroved
accurately, e.g. so as to position different target portions Cin the path

of the beaithabthe sseond pasitjoningwmedns(and intesferoraettia gnessurms meansiE), theed t o

| i t] k i th he. pat.h. of . the b :
05 2t P HBRE R S E Bl MRS o PR e Rh R BRI,
during a eGafhe pdth gLhebaam PBYSHETEDNY, tIef filshsoseiingtd meaflcas bbiseddd Wi I | be

realized with the aid of a Ion&-stroke nodul e (course positioning) and a

short - st r atcaratgld gpeition theanaskYIA; with regipect ichibe pathraf thebeaneRB) ¢.giafley depi ct ed
in Figure 1., However, in.the c f a_wafer. stepper .(as_opppsed to a

St ep. Sl mbshaRAT Yol Or bRTRRIEA Honf' HREE finBHy RE Bbte RsRRERT D 2 short
stroke 15npebrant@fthedbj8RYatles MTXWAF willBe AQRESH With BRI of AfongafroRe used in
two different nodes: 1. In step node, the nmask table MI is kept essentially

st at i onar Jodaledceursepnsitraning gkd aishertrstroks podile inegpasitioning).guhich axg.nob si ngl e
"f h" to. ) ti C. The. bst bl WI, i th hifted
T ohe % SRl bl e S0 et i e LR v BB eas PRSI A, | 56
be irradi %ﬁ-@n@-ﬁcén%p&%ﬁﬁ) R mak téﬁlc Wﬂl&?ﬁﬁ?be E5ReH 8 h ¥hdrhérskane

scenari o applies, except that a given target portion Cis not exposed in a
si ngl & " f hetgator, of nay badixedhe nask table MI is novable in a given direction

(the so-called scan.directiagn" . 9. the Lrection) with a speed v, so
that the proj e’gﬁ? g‘??‘%ﬁé\ﬁ?ﬁgéaql"%éa@jﬁgﬁﬂé l”ot‘%’c‘ghgw Woggsrrask i mage;
concurrengly, thea&Holé h€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 substrate
25 table WT is simultaneously moved in the same or opposite direction at a speed ¥ = My, in

which M is the magnification of the lens PL (typically, M = 1/4 or 1/5). In this manner, a

relatively 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 21s




25 table WI i s sinultaneously noved in the same or opposite direction at a
speed V= M/, in which Mis the magnification of the lens PL (typically, M
= 1/4 or 115). In this manner, a relatively large target portion C can be
exposed, 13’11%@9.9#0 having to conprom se Q}‘Q_ resolution. Figure 2 illustrates
a current anplifier and control systemitor a single-phase 30 actuator 10,

for exanp ' hase i a! e t he present
inventionhﬁp&g:ta%g?g[lr&fg I'S 5?&‘5%@%@%&%&%@ gcrr é%?;gf). . iFft%lesgfgflstem of
Figure 2 deplRRattd3d sy tht2ciidrs 68¢he ehablo tab®elolT if tHat ahowdbidiat or attached to
the wafer table WI. It may_al so be duplicated to supply the actuators of

the mask tabl e fumetion ¢putrojler (nat/diyteated) calstlatns thesetpaint ayrephlpusing thest r at ed)

cal cul at eg_ & DO rren i t i r i 1] vel ocity
and” acoet S5 e BRAPA, Rlochis FhE MeelsPardhitihnd W HRIOT AR b 7L Vi
enbodi jre nbosiﬁidirﬁ hﬂﬂﬁéﬂ@ﬁb&ﬁnﬁﬂd, Hel rﬁéthékﬂof &ldlﬁatidgﬂs BaREsante zisftﬁﬁt_ dée&ibeti bed
above in the discussion of the prior art with reference to Figure 5. The

current nébave in therdispugsien of the pperaw withveferauce ta Bigurede current through the
actuator 10. Im4s then subtracted fromthe setpoi curre | S t he
mxer 2 to give ol dp et bR R HHOE At it oo ne

i nput to hARaterI0. €[ s tANEubMatRE frbm ﬂi@%et?blfni 8itkent @, 15QRE hitkdreX tokivtSASerfRNt 1 O
algorithmto determ ne the value of voltage to be supplied to the actuator

in order vdue.ddiherrarevabuetip thentsupplredanthe inputdo the enreenbeatitveblar 4.4 Fhe cwoent ol

al gorjthm uysed is PlD ot.hers such. as, fuzz ogli c or .

ot opotd okt 4 cicohiet Moy doitEaind Tug VG of Vool Bbo wrplighio e 1o
supply thagusmerl ind@8ertt® rdalR tRCdeHRAR cudBnt 11, T HI4 SmBSHRAGhIMA Lokths algomitiR Nt
controller 4 is inplenented in a programuable DSP, m croprocessor, 15

m cr ocont nesdlie PIRyrbusintherstsuck as fuzey oigicirgirepdrtionntiintograbeovddialsé be needpdnt  of

th | | t il troll h t 4 I I b
const 1 uct BAPERG A e b B e BlheSaRunt 10 3o s §Bbuirnile <o
cal cul at egyduht béiirdIRF h@eﬂingﬂékhéﬂbé f a SrograntmaIEDEP, iferbhdcgbpul of

anplifier 6 by the m xer The resultant voltage is then applied to the
act uatdr microGindroflenersmy otker tyeeddegitat orrtioblanarsl fprms parSof/teiovsrallanaiodi ng t o

Lhe ool ¢ o TSR TSyheadt p e xolioge, Lo el culatel i thi
FEcel o2t o 1, BRIGAES b sl ety s ot e st rahon) .
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 embodiment comprises three
individual components: velocity vy, acceleration ay 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




Figure 3. 25 Calcul ation of the feedforward voltage requires know edge of
several variables. The setpoint generator provides the desired velocity,
acceleration and jerk. Additionally the noving mass and four actuator

char act er psfchgg1d back-enf, resistance, _sglf-inductance, and the reciprocal
of the notor constant) are stored in the notion controller. These stored
val ues may.: t We: . . ' . L neuse is
noni t or ed%g?ﬁ%gﬂgglﬁ%fl%gﬁg%fe}% {’)%‘{egi 1{y§ﬂu @ﬁ%ﬁ%g@?er ée%: e%/d;?ﬁéég%rﬁerﬂ sh@{ erm ned
by the selgnage etlgeTidsanukiAeme feHmlic tonstlaits Mayinitthe fegpptise odthangstor@r m tt ed
maxi mum val ues. During operation it is likely that there P-1534.010 -13
will be aFpisxampls he ceaxangm; eHeg W@I@eﬁlqrywdﬁnmse adimit ombow guiskliet t o

avoid ri SEiv%v?lg?iﬁgﬁ’beez{cﬁiev&Eese maxi muns form t he constraints that |i m t
the respofisé o e system or exanpl e the maxi num val ue of accel eration

will igpose a | The velodiyhfevdfarial vy idcal@ilaedby slutiplying e achait@rdatievad. S5 The
vel ocity feedforward vmis cal cul ated by nultipl E‘i‘ng t he actuator back-enf

and the dasd ﬂlééeiitqdd@hojlymﬂjﬁméﬂluﬁtrﬂwméxmalﬁ@éieb Jrul tiplier 14). The

acceleration feedf orward. aff j.s cal cul ated nul . i ng the desired
ool oration,  okbt acERRlioBireed Gl fHisRRRt R0 SR e LBfirgCS | 0
actuat or AR¥eRfatioANSdRdbr rebi@REd) Blovirg ik lahd kQiprbyal B¥tHel Atia®iT rdtdr cokStanne

jerk feedforward Jff is calculated by nmultiplying the desired jerk, mnoving
mass, act tegeder (Hastrateddiyfmultiglien dce and reci procal of the actuator notor

tant t ther . (illustrated.b Ltiplier.18). .Th h f eedf d
compokint s are. Siistk [l Bid At By mabiptihs GBS R BT At ol 1 age
f eedf or wapfisy/ abtd@okphase %Elt'iﬂd%cﬁﬂéiseﬁdtr@ci{:fb@al%ﬂmmﬁtoﬁﬁi@toﬁH&{sitzfnit ﬁfglefﬁei" n 15

figure 2 by adder 8. The derivation of these feedforward val ues wi now be
expl ai ned(illu$teatedyt mykipliect®ss a coil in the actuator conprises three

ts: U= Ld' 1, . fV)=aff +fff +vif |.S t Il | t ,
TS T he act uat S Pefedinvpid Qoptpontt afeaded Ulfeaed y a0y &ep 2R 1 20°
| NUCH aNCghefnal HeE YRS vard vilSe Uiy By isFhdbiPiohe oBBEKo IS Al 6 f t he

vel ocity. Each of
15 figure 2 by adder 8.

The derivation of these feedforward values will now be explained. The voltage
across a coil in the actuator comprises three components:
U= (IR)+[L%J+ (B ¥)=a,+j5+v,
Where U is the coil voltage, [ is the actuator current, R is the resistance, L is the
20  selfinductance of the actuator, ¢ is time, Beysis the back-emf and V 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 =8,V
25 The component attributable to acceleration, ag, is calculated as follows:

F=ma=KI=1="2
K
ma
a,=IR=—R
T K

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

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



the three conponents can be cal cul ated using the desired val ue of velocity,
acceleration and jerk together with the nechanical and el ectrical
characteristics of the system The conponent attributable to velocity,
vi-, is sipmphyoyff = BenfV 25 The conpopent attributable to acceleration,

aff, is calculated as follows: F=me=KIW=ma K aff=1R= K R Were F is
force, Kis the notor congt ant Imis thegzrass of the noving systemand a
is the desired ancekéeat-oh=KHAe—saopenkht attributable to jerk, jg, is

cal cul ated by: P-1534.0104t 14 A=Kl = m ¢4 =Kdl =mJd =Kdl dt dt dt Jff -LL
d dt K Were Jd is, dhe daedjred jerk. These equations assune that the
actuator is di réert‘TQ?tC: pked to the payload. If a gear ratio is used

bet ween the actuator and the payload the values of noving mass, desired
vel ocity, desir @heacdak dicadesived prid Thesd dgaatigmraksunmd thatthe dctustor 5 diectipdi f i ed
appropri at el 3{ The use of a voltage feedforward val ue i nmproves the response

and accur §e4plet toithepaydqad: HiR gt Fatijis vicd betygen thaatuatonand the payleadithe of t he
f eedf or wa L: ' .ol e . . i h 1 ahl ta so
the. cont r o reroifetifl PG HE e fsirLSbcllsflioh 3R dbshr BN A o0 L
limtihg bapiodifiedrapptopriarpponse i s now determined by the feedforward 10
val ue and not the bandw dth of the current control loop. This leads to a
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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




20 for the first enbodinent 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 conmutation phase information O.

Vol tage cemauigipr 7 has an input of thfs- vol tage feedforward U f and

posi ti on dependent comrutation phase information 0. The position dependent
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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.
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20 than jerk could be included, for exanple the derivative of jerk (D
jerk). Although the enbodi nents have described the use of a DSP or
m croprocessor based controller, discrete conmponents could be substituted
with sim parifefplts. P-1534.010 -16 CLgMs: 1. A control systemfor
positioning neans conprising: - a setpoint generator for calculating a
desired cgjngpfs.or voltage for supply to said positioning neans according
to a desired position and/or derivatives thereof of said positioning
nmeans; 5 - a controller for outputting a signal to be supplied to said
positioning neans according to said desired current or voltage; and - 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 ahd sai A coraslyys@ncior pesitioning ti2anvoddn@@ding: char acteri zed by:
addition neans for adding at | east one feedforward value to the output of
said controllef S%Bt?lat gertetat?rsfoseﬁéﬂtlttgw %QFS{‘PFECW o7 voltags foresupply ta sd
cal cul ati f@ﬁ&? | chani cal
and/ or g&llect grfs a%Eara éralrlgtsﬁ?% PE’@S’HH pos #%lﬁgﬁlg}%gggﬁgnd sai d
desired ppsdifioring measor derivatives thereof of the positioning neans. 2. A
cont rol systentaccordln? to Claim1, characterized in that said cal culation
qr

means Tal cul at e2 SONEALISE farpuinugie? signal to/be shpplied el ROSIQIDGEMEANSt t he

posi tioni 9@? el.ocity of the positioning nmeans. 3.
A control Q‘%y@@%%a%gdo | ngh'?rr H&% Ar‘?]iar acterized in that said

cal cul ation rrear16ast:ah@wnaéﬂoﬁﬁieﬁhmg@%ésﬁnﬁMarmeﬁk otaloltggddy mul ti plying
sai d back-enf of t osi tioning neans and said desired velocity of the
posi t i oni WheteEnsaid @ngr@ﬁ)lnvelrs cggnwtedAn aderdback logn sugh thaldtbe genfepllep hags its

pr ecedi ng. cl ?ﬁh aLagk ega{l es“e chﬂétto%% eca%h%ul at |a%n e =teTakm ?,I cul ate an
accel er at I'on eggPormar ué using the reéﬁproca BYSPRE “UHBtoT const ant
of thep pogéltdgeni ng neans, the el ectrical resistance of the p03|t|on|ng

eans, characterized by:
- addition means for adding at least one feedforward value to the output of said
controller before it is supplied to the positioning means; and
- calculation means for calculating said feedforward value using mechanical and/or
15 electrical characteristics of said positioning means and said desired position and/or

derivatives thereof of the positioning means.

2. A control system according to Claim 1, characterized in that said calculation
means calculate a velocity feedforward value using the back-emf of the positioning means

20  and the desired velocity of the positioning means.

3. A control system according to Claim 2, characterized in that said calculation
means calculate said velocity feedforward value by multiplying said back-emf of the
positioning means and said desired velocity of the positioning means together

25
4, A control system according to any preceding claim, characterized in that said
calculation means calculate an acceleration feedforward value using the reciprocal of the

motor constant of the positioning means, the electrical resistance of the positioning means,
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P- 1534. 010 -17 the effective noving mass and the desired accel eration of
the positioning neans. 5. A control systemaccording to C aim 4,
characterized in that said calculation neans calcul ate said accel eration

f eedf or wapd syahyp by nultiplying said [fﬁiprocal of the 5 notor constant of
t he positioning nmeans, said electrical resistance of the positioning neans,

said effegll WMV N s.and.sal d desired.accglerat.i.on of the positioning
means toge ehe\glr%f:{% ﬁlggigg%r?ars(s) ‘g?g'?gﬁ{%ca%?lfﬁaﬂ&n Pgthgﬁ)?sl feng M pr ecedi ng
clainms, characterized in that said calculation neans calculate a jerk

f eedf orward val ue using the reciprocal of the 10 notor constant of the

posi ti oni Ag neafsonirpksystefreancprdingiovilaign decdvractenized il that saiflealanigionof  t he
positionipg means.and.the desired jerk of th 0S).t,i oni ng nmeans.. 7.. A
control sys?%srﬁagcélcl‘,%? %‘@&“t“’gﬂﬂ"éﬁ %?‘#f’”é“ﬁg?’ alup §¥5?’§ letsﬁ%tre‘é‘BP&a]c%ﬁth‘bl ation
nmeans gal fistcricOnsait Gl positRMeigh¥aik dsa¥Béle@rib] résitiddloY kithosaichidgaatdkocal
of the nmotor 15 constant of the positioning nmeans, said effective noving
mass, sai 8piéeffectivaduavingmessoindisawl deginerd adcelaratign o thepoaitining ricate sogether.j er k
of the positioning neans together. 8. A control system according to any one
of the preceding clains, wherein said positioning nmeans is a multiple
phase act gat or, AaidtrbLdysRAT acoRitig 1Biang ofe 6PMMEPIREINg CRimdAheReRriPARRE for
adj usting the value of "said desired current or voltage and said feedforward
val ue. 9. that said paleplalpini memsajabsulaton;jedlp fead foruardoaiysnisgigthe recipracal afithat i on

system for providi roj.ecti on beam of. radi ati.on; 25 - a ort
'y uolr omelir el PP BlPle R s A oS R anayif et s FEREBe oy 1o
pattern t{R REfbRfmgintind 8RR el Bk JfIhdpsfdnifimBaist ern; a substrate

table for holding a substrate; first positioning nmeans for noving said
substrate table; and - a projection systemfor projecting the patterned

beam onto_a target portion of 30 suhstrate, characterized i hat a
oatr o 7ot co AzopRal sy Acaaii: @ G peaascErrgt 8 thal GekeHuAgont | of
sai d firsheRSdaldupiié 86d JRR AdfdtwArBehl e, mif &id tdcREEABR e Rdte} ection
appar at us accordiung to jﬁai m 9r¥vurther coIPrpripgbianl\gg: Hﬂ

15  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.

8. 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

20  each phase for adjusting the value of said desired current or voltage and said feedforward

value.
9. A lithographic projection apparatus comprising :
- a radiation system for providing a projection beam of radiation,
25 - a support structure for supporting patterning means, the patteming 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
30 substrate,

characterized in that a control system according to any one of Claims 1 to 8 is used to

control said first positioning means.
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- second positioning neans for noving said support structure; wherein a
control system according to any one of Clains 1 to 8 is used to control
said 5 second positioning neans. 11. A control nethod for positioning
means conprisséom the steps of - calcul ajg.ng a desired current or voltage
for supply to positioning neans according to a desired position and/or
derivatives thereof of said positioning neans; 10 - subtracting a neasured
current or voltage fromsaid desired current or voltage to calculate an
error val U@; and lithographi¢ progecsian dpparatos accabdieg tooclainc® fitrther cempriding:h out put s
a signal input to said..pqsitioni nmeans;. characterized by: 15 -

cal cul atihg a f¥EHROPYA @“%W@ﬁfggwgv%éﬁlgrﬁul%&?“ StHYIYF: el ectri cal
char act er |k ' lokdi Q0 G |y idjqon and/ or
dor i vt | v o B e O e ool e g
val ue § o sdeendpopiadningypieing 0 sai d positioning neans. 20 12. A device

manuf acturing nmet hod conprising the steps of - providing a substrate that
is at least partially covered by a | ayer of radiation sensitive nmaterial;

provi di ng;f projeghi f AL A RAny s . Iflk QR sSystem - using
patterning mans%o@%%ﬁ?ﬁ%%&%ﬁé@%i on ﬁg‘{émﬁ?%ﬂ%’*p |tS?’(lfalrn in its cross-
25 secti on; andcalcylatijgecddsirgd tireenp at valtage dorsappyad positionihg ereannicorlingr get
portion of the. layer of radjation-sensitive material; characterized in

that the WovesHERd BogHOR i/ grnerivatiyss dherenfid sEA@PHHORIAE MBSt rate are
contrgdled usi “&bﬁa&ﬂ{gd Rlleaﬁécf‘&greﬁf:&p\fo‘iiﬂaggﬁfjﬁ daldPdefirdd curdfht or voltage to

calculate an error value; and
- inputting said error value to a controller which outputs a signal input to said
positioning means;
characterized by:

15 - calculating a feedforward value using mechanical and/or electrical characteristics
of said positioning means and said desired position and/or derivatives thereof of the
positioning means; and

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

20 12, 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,
- using patterning means to endow the projection beam with a pattern in its cross-
25  section; and
- projecting the patterned beam of radiation onto a target portion of the layer of
radiation-sensitive material;
characterized in that the movements of the patterning means and/or the substrate are
controlled using a control method according to claim 11.

30






