-1-. Radiation Source, Lithographic Apparatus, and Devi ce Manufacturing
Met hod. The present invention relates to a radiation source conprising an
anode and a cathode that are configured and arranged to create a di scharge
in a substance in a space between said anode and cathode and to forma

pl asma so as to generate eIectronagnetiC'B'Tadiation. Further, the

I nvention relates to a |ithographic projection apparatus having such a

radi ati on source conprising: a radiation systemfor supplying a projection

beam of radiation; a supR@Biatioh'Soured. 9.ifHx rmgqﬂgapgu@,agﬁ(pr ni ng nmeans, the
patterning means serving to pattern the groj ection beam according to a

desired pattern; 10 a substr at BetiadMarfufactopingi Methmdsubstrate; and a
proj ection systemfor projecting the patterned beamonto a target portion
of the substrate. The term "patterning nmeans” as here enployed shoul d be

br oadl interpreted.as referring to neans that. can be used .to endow a
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mask. The concept of a mask is well known in |ithography, and it includes
mask type@diaion sQurcs cAIIPRISING] t er nati ng phase-shift, and attenuated
phase-shift, a i byt iDBRSG e ment of such a
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e ca , > generally be a nas
t abl e, which ensyres that _the. . .mask n .be held at a desired position in
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substrate.

The term “patterning means” as here employed should be broadly
interpreted as.referring to means that can be used to endow an incoming radiation beam

15  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 patterni 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 patterning means include: _

20 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 case of a reflective
mask) of the radiation impinging on the mask, according to the pattern on the mask. In the

25  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 desired;

a programmable mirror array. An example of such a device is a matrix-addressable

surface having a viscoelastic control layer and a reflective surface. The basic principle



surface having a viscoelastic control layer and a reflective surface. The
basic principle -2- behind such an apparatus is that (for exanple)
addressed areas of the reflective surface reflect incident |ight as
diffracted |ight, whereas unaddressed areas reflect incident |ight as
undiffracted light. Using an appropriatezﬁilter, the said undiffracted

| ight can be filtered out of the reflected beam |eaving only the
diffracted light behind; in this manner, the beam 5 becones patterned
accordi ng gefidd\acRAd" Piafld iPAb @6 ex@inpld) @ddREsel 4rcad OF ARSBALGive WikRge.  The
required matrix addressing can be perfornmed using suitable electronic
means. Morefledtifcdermtlighnaodiffsacsdd light,rolieressruayddressad beeagtafRoeidcidbutrlighk aspl e,
fromUnited States Patents US 5,296,891 and US 5,523,193, which_ are
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successi vel I rradi ated vi e projection system one at a tinme. |
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principles discussed in such instances should be seen in the broader context of the

patterning means as hereabove set forth.
Lithographic projection apparatus can be used, for example, in the

20  manufacture of integrated circuits (ICs). In such a case, the patterning means may generate
a circuit pattern corresponding to an individual layer of the IC, and this pattern can be
imaged onto a target portion (e.g. comprising one 61' more .dies) oﬁ- a substrate (wafer) that
has been coated with a layer of radiation-sensitive material (resist). In general, a single
wafer will contain a whole network of adjacent target portions that are successively

25  irradiated via the projection system, one at a time. In cuirent apparatus, employing
patterning by a mask on a mask table, a distinction can be made between two different
types of machine. In one type of lithographic projection apparatus, each target portion is

- irradiated by exposing the entire mask pattern onto the target portion in one go; such an

apparatus is commonly referred to as a wafer stepper. In an alternative apparatus —

30  commonly referred to as a step-and-scan apparatus — each target portion is irradiated by

progressively scanning the mask pattern under the projeciion beam in a given reference



apparatus is commonly referred to as a wafer stepper. In an alternative
apparatus 30 commonly referred to as a step-and-scan apparatus - each
target portion is irradiated by progressively scanning the mask pattern
under the projection beamin a given reference -3- direction (the
"scanning" direction) while synchronously3scanning the substrate table
parallel or anti-parallel to this direction; since, in general, the
projection systemw ||l have a nmagnification factor M (generally < 1), the
speed V at gbiih (w'sém,%"'aii&cii&bl\ﬂﬁzessy%e&eﬂ&shy WahhinB ehePsub@EiOfabld i mes
that at which the nmask table is scanned.” More information wwth 5 regard to
| i t hogr aphpsratlelviraati-@sai et tethitedicgctibatsing) ilgengtat ahe projdedbn exsdtn all hiveam
US 6, 046, 792, incorporated herein bﬁ}reference. I n a manufacturing process

usi ng a | i magyifigpthorfasiasM Eganermllyppak thaspeedV apsthicrthe gebsgrate; tablg inggamed; s

i maged onto.a,substrate.that | s at. | east partially caqvered. a | ayer of
Aot on. Blu? H BTN et 3t oBfich e hadkiitie sl Rlehs momihuioR itk
substrate I I g reesl St

coati ngjt an@ém;%? ﬁ%ﬁéﬁc ﬁﬁ‘%&%ﬁ%ﬁﬁ%ﬁ#ﬁﬁ%ﬁ%ﬁ%ﬁ%@ ér?aa)ﬁ}ﬂg% subj ected to
ot her pr ocedw,@sm, 7% elvoggorated dstciiekpageercdake (PEB), devel opnent, a hard

bake and neasurenent/inspection of the imaged features. This array of
procedures is used alp-amsngfastringpaecess vsinha lilwgrapisairojeajern applaratusdevi ce,
e.g. an IC. Such a. patterned |ayer may.then _undergo varij qus progesses such
26 et chi ngP e & riP 3RSk BmeeSq GRIBITHPSIHEIaF 198 RopGRrta bt GPFTPG Ry  ayer
cheno- mechani . L skl ;@ hod I O] Lhdiwi dual
Cayor. 11 CeaRLpRR N Watcibfresid briof | hdethe . Tk suirar@hal RliokeS
vari anio twefcehrocetihies,avk at priléng, epgatestidoaindenolt takw Afsedxposargihaial |y,

an array of devices will be present on the substrate (wafer). These
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Quide to em conduct or Processing”, Third Edition, by Peter van Zant,
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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
20  carrier, connected to pins, etc. Further information regarding such processes can be
obtained, for example, from the book "Microchip Fabrication: A Prac_tical Guide to
Semiconductor Processing", Third Edition, by Peter van Zaﬁt, McGr;lw Hili Publishing
Co., 1997, ISBN 0-07-067250-4, incorpqrated herein by reference.
For the sake of simplicity, the projection system may hereinafter be referred
25  to as the "lens'; however, this term should be broadly interpreted as encompassing various
types of projection system, including refractive optics, reflective optics, and catadioptric
systems, for example. The radiation system may also include components operating
according to any of these design types for directing, shaping or controlling the projection
- beam of radiation, and such components may also be referred to below, collectively or
30  singularly, as a “lens”. Further, the lithographic apparatus may be of a type having two or

more substrate tables (and/or two or more mask tables). In such “multiple stage” devices



systens, for exanple. The radiation system may al so i ncl ude conponents
operating according to any of these design types for directing, shaping or
controlling the projection beamof radiation, and such conponents nay al so
be referred to below, collectively or 30 singularly, as a "lens". Further,
the lithographic apparatus may be of a typé having two or nore substrate
tables (and/or two or nore mask tables). In such "nultiple stage" devices
-4- the additional tables may be used in parallel, or preparatory steps may
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source, in which a plasma is generated by a discharge in a substance (for instance, a gas or
vapor) between an anode and a cathode and in which a high temperature discharge plasma
may be created by Ohmic heating by a (pulsed) current flowing through the plasma.
20  Further, compression of a plasma due to a magnetic field generated by a current flowing
| through the plasma may be used to create a high temperature, high density plasmaona.
discharge axis (pinch effect). Stored electrical energy is directly transferred to tﬂe plasrﬁa
temperature and hence to short-wavelength radiation. A pinch may allow for a plasma
having a considerably higher temperature and density on the discharge axis, offering an
25  extremely large conversion efficiency of stored electrical energy into thermal plasma
energy and thus into XUV radiation. The geometry of devices, such as plasma focus, Z-
pinch, hollow-cathode and capillary discharge sources, may vary, but in each of these types
a magnetic field generated by the electrical current of the discharge drives the compression.
Figures 5A to 5E are included to provide background information about the
30  construction and operation of such a discharge plasma radiation source. Figures 5A to SE

show schematically a discharge plasma radiation source according to Prior Art comprising



25 extrenely |l arge conversion efficiency of stored electrical energy into
thermal plasma energy and thus into XUV radi ati on. The geonetry of

devi ces, such as plasnma focus, Z- pinch, hollow cathode and capillary

di scharge sources, may vary, but in each of these types a magnetic field
generated by the electrical current of thé‘discharge drives the
conpression. Figures 5A to 5E are included to provide background

i nformati on about the 30 construction and operation of such a discharge
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or vapor density ratio, E/N. This stage shows rather equally spaced equipotential lines EP
having a fixed potential difference, as is depicted in figure SA.

The ionization growth is initially dominated by events inside fhe
20 hollow cathode 510 that operates at considerable lower E/N, resulting in a smaller mean
free path for the electrons. Electrons e from the hollow cathode 510, and derived from the
gas or vapor within the cavity 512, are injected into the anode-cathode gap, a virtual anocie
being created with ongoing ionization, which virtual anode propagates from the anode 520
towards the hollow cathode 510, bringing the full anode potential close to the cathode, as is
25 shown in figure 5B by unevenly distributed equipotential lines EP. The electric field inside
the hollow cavity 512 of the cathode 510 is now significantly enhanced.
In the next phase, the ionization continues, leading to a rapid
development of a high density plasma region inside the hollow cathode 510, immediately
behind the cathode aperture 511. Finally, injection of an intense beam of electrons e from

30  this region into the anode-cathode gap, also shown in figure 5B, forms the final breakdown

channel. The configuration provides for a uniform pre-ionization and breakdown in the



being created with ongoing ionization, which virtual anode propagates from
the anode 520 towards the hollow cathode 510, bringing the full anode
potential close to the cathode, as is 25 shown in figure 5B by unevenly

di stributed equipotential lines EP. The electric field inside the hollow
cavity 512 of the cathode 510 is now si gnﬁf’i cantly enhanced. In the next
phase, the ionization continues, leading to a rapid devel opnent of a high
density plasna region inside the holl ow cat hode 510, i mrediately behind
the cathodgjipgitYoRingll. Finally, injection of an intense beam of

el ectrons e from 30 this region into the anode-cat hode gap, also shown in
figure 513, forms the findfighesakdows thahatistblrge Hae beaninitthteddridnopr ovi des
for a uniformpre-ionization and breakdown in the -6- discharge vol une.
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At the final stage of plasma compression, i.e. plasma stagnation on

the central, or discharge, axis B, the kinetic energy of the plasma is fully converted into
thermal energy of the plasma and finally into electromagnetic radiation 560 having a very
large contribution ih the XUV and EUV ranges (as depicted in figure SE).

20 It is generally acknowledged that a number of improvements are
required before EUV production by gas discharge plasma can be considered suitable
(production-worthy) for large scale production of devices, for instance integrated circuits.
These include:

higher conversion efficiency. Current sources typically display a conversion
25 efficiency (ratio of power-out at required wavelength to power-in) of approximately 0.5%,
resulting in the majority of the input power being converted into heat;
efficient heat removal (cooling). Two components may be distinguished — peak heat
load from plasma jets during discharge and average heat load due to repeated discharge.
The area over which the heat can be spread is typically limited, and heat removal becomes
30  critical as power levels and repetition rates are increased to achieve a production-worthy

source. Overheating of one or more electrode surfaces may occur, affecting pinch size and



requi red before EUV production by gas discharge plasnma can be consi dered
suitable (production-worthy) for |arge scale production of devices, for

i nstance integrated circuits. These include: higher conversion efficiency.
Current sources typically display a conversion 25 efficiency (ratio of
power - out at required wavel ength to powerZin) of approxi mately 0.5%
resulting in the majority of the input power being converted into heat;

ef ficient heat renmoval (cooling). Two conponents nay be distinguished -
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t o provi depraducidinawoxthy sowrdevdhand ppettictesitespridebuttisloof everlidatinpower | evel s
and repetition rates_wi thout ri sk gf Qverheating. . Jt is, another object of

t hg i n?/:ant ion to pr ogiiﬂ@i&h?é’&’ﬁe&fp W%B‘Lﬁ“&‘@nﬁ%l?‘?oﬂ@eaa radigfipu EpEHBRYiRg &i ng
mio ton 10
T yer SRR Al ARG PR Ron iRl st (8ol SORUY g o,

sour cqgt hat provi desj ayet BRAREEShIER DY eSOt th GG arPimbest thilzabn €Ner gy
into radiation. 1In one aspect there is provided a radiation source

conpri si ngoarceahasgeoides an enbandeddwnyératonzfbciensyf ifglaceicah emkrgy indanpeihtion.
create a discharge wthin a di scharg&)igécgnent in a substance in a_space

bet ween sai d anode aRPPEERECEDEHS # Fadiatiop soree SEMRESNG an EnelaandA e
| . and . . el : :
el ect romagpy c»'d?1 itlgég%ge?%dgﬁg}lreﬁ’%ﬂﬁ %h&l}%&i & c%@a‘i’é thsgﬁﬁxgé’%ﬁtﬁg} &&@B{akgeeegg@agr

plurality o enent s. e substance, ance,

vapor, mayin @Gabsthse i¥ @RPike betwebinwiid hrnddeianfsaitlicathotle anfordtd)dasmsalid abe
material. To inprove heat dissipation, each discharge elenment may be only
used flér siepenats qleatiomagsticradintiophivberenaidradition sepree comprises a plurality of

discharge elements. The substance, for instance, a gas or vapor, may comprise Xenon,
indium, lithjum, tin or any other suitable material. To improve heat dissipation, each
discharge element may be only used for short intervals, after which one of the other
discharge elements is selected.

20 In another aspect, there is provided a radiation source comprising an anode
and a cathode that are configured and arranged to create a discharge in a substance in a
discharge space between said anode and said cathode to form a plasma so as to generate
electromagnetic radiation, wherein said radiation source comprises a triggering device for
initiating said discharge by irradiating a surface proximate said discharge space with an

25  energetic beam. This precipitates plasma pinch formation by one or more suitable
mechanisms such as disturbing the electrical field inside the cavity, changing the
conductivity of a material between the electrodes, supplying material by ablation and/or
creating photoionization. Irradiating a surface, for instance, on the cathode improves the
timing of the plasma pinch formation and thus the timing of the XUV pulse.

30 In yet another aspect, there is provided a radiation source constructed to

have a low inductance, and comprising an anode and a cathode that are configured and



di scharge elenents is selected. 20 I n another aspect, there is provided a
radi ati on source conprising an anode and a cathode that are configured and
arranged to create a discharge in a substance in a discharge space between
sai d anode and said cathode to forma plasma so as to generate

el ectromagneti c radi ati on, wherein sai d r%di ati on source conprises a
triggering device for initiating said discharge by irradiating a surface
proxi mate said di scharge space with an 25 energetic beam This precipitates

pl asma pi ”z&lfbﬁl 2 Bag atﬁisc?liﬁ%e% a ¥ Rart i 20lsEharBBEIRE beiRer Qﬁﬁ afldde and

di sturbing t el ectrical d 1nside the cavity, changing the
conduct i vi ¢zl @fthadertatferh alpld3aiaween td bencedte elet wolaagnesio palistiony witede@t satd by
abl ati on and/or creating photoionization. Irradiating a surface, for

i nst ance, methpdeompriprsdzencrally ev énitiahdischargeifalowed bhepasitingnsaichiadision spurae i on

and thus the timng of the XUV pul se. 30 Jn yet another ect, there is
provi ded ss0radp AUPYICkstifve ASEHERT e patTye hasuaniglly slbfrelied, and
conpri gin : tre.ar, to
cr oat ea GeElBPE AN il kgl B P ElshaR A AR ar B, £ BrARRAORES o
and  sai d pakipRisiada pidchestond A peBnaRnedisdtar@enRiethe ntdueave ORmRENeL heC

radi ation, wherein said nethod conprises generally an initial discharge

f ol | owed hiivideéputrimuitipk plasmaipiachesninproving theeonyersian effitiencsuccessi ve

di scharges to occur due to a suybstantially self-reqgulated 5 oscillation
within said dischar q’gc“:% Pgé‘?a#‘ﬁgwg AsHect @F‘f?éﬁﬂ%‘fé%%ﬁép%ﬁé?w%&si tion
of -multip] | es onto a pernmanent discharge allow the inductive
energy to gﬁh@\%ﬁg’lggfsgl%r nmul ti pl e plasna pi nches, inproving the

converngi on ef fi aiRf6Y syshet dodirodidimg fplojictibe beat peeididtioar e i s provided a

| i t hographi c projection ;prfgar atus conprising: 10 a radiation system for
provi di ng a pracjuppert skudiurefopsuppatting pasiarning Beaiso the pattexndng mearfsgerving to

supporting patterning neans, the patterpin ns serving to pattern the
proj ectio "u‘é!é'rﬂe“éBEoé d°R e?’éﬁ”ﬁ%féﬁ\%%‘%é‘t“?‘b?ﬁ%“& substrate table for
hol di ng a substd lite %_qieﬁ,r%ﬁir%?g%ﬁg%sm for projecting the patterned

~beamonto a target portion of t substrate, wherein said radiation
syst em conpr i sqsoRctiatiyatano forpovjectingidie pesanedbehnabove target portion of the

15  substrate,
wherein said radiation system comprises a radiation source as described above.
According to a further aspect of the 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-sensitive
20  material;
providing a projection beam of radiation using a radiation system as described above;
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.

Although specific reference may be made in this text to the use.of the
apparatus 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

30 patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic

heads, etc. The skilled artisan will appreciate that, in the context of such alternative



According to a further aspect of the invention there is provided a device
manuf acturing nmethod conprising the steps of: providing a substrate that is
at least partially covered by a | ayer of radiation-sensitive 20 nmaterial;
provi ding a projection beam of radiation gsing a radiation system as

descri bed above; wusing patterning neans"t¥6 endow the projection beamw th
a pattern in its cross- section; projecting the patterned beam of radiation
onto a target portion of the layer of 25 radiation-sensitive nmaterial.

Al t hough spgplidatieny, ah@ tSICRhIBYTRETARLE, "Wafbiios "di€xin thid ¢ Ih%glﬁ'bco‘c t he

apparatus according to the invention in the manufacture o It should

be expli ci coysideretias tingprepldeed by tiehmere genpat ahns"rhaék”n'&nbstﬁiw@ndp'tmgdtb| e
applications.. For exanple, it may be enployed in the manufacture o
i nt egr at ed PBONCAPSREGUYEss, gui dance and detection 30 patterns for magnetic

donai ies, liqugd- tal_di LS. thip-fi ti heads,
crc. Tha kil led art ol FeeEhnctretl B RERS Saihoy [ o ancisedian
alterngtiv i i _ 3 : " et moow " or
gl T LB T sReg o e AAE rp AL RITR MGFIREL ) i Rh

gener al t ewith d'wasléhgth' of 36StT 248,4'93a187 &1t HI6aEH) mﬁcumbma'hm-em@mgl y. In
the present docunent, the terns "radi ation" and"beant are used to
enconpass HAatoyses- lving aweydargihén the raage %20 om). i ncl udi ng ul travi ol et

(W) radiation (e.qg. i.th a |l engt h of .365, .248, 193, 157 or 126 _nm

and extrene ultra-vi %?‘gPE‘PEB%Wtﬁ%\H@P{}%Wc@%W bﬁéﬁcﬁéei Rvay ehgernle: ¢ he
range 5- 206A19) witlerdpQehdeithe chcol'r{b%nyiﬂﬁ%alién%c\@ri\bmg?% %i&e(?o%ésg&] ’inﬁy vay
of exanple only, with reference’to tRe acconpanyi ig schematl c drawihgs, in
whi ch 16or refgremdispgbolkGndiedte conespongtingqlasts, andii ah&he or r espondi ng parts, and
in which: figure 1 depicts a |ithographic projection apparatus conprising a
radi ati on souria@ire d depictialithpgraphie Trojgetion paratuspompsispyg amdiafiondewcet a

radi ati on a%@b'fdﬁf‘g tSQﬁg)fnivéﬁtﬂﬂra plurality of discharge elenents according to
t he i nventlon; ?

figures 2A and 2C depict a radiation source comprising a plurality of discharge
elements according to the invention;
15 figure 3 depicts another embodiment of a radiation source according to the invention;
figures 4A to 4B depict a radiation source comprising a laser triggering unit
according to the invention;
figures 5A to 5E depict a discharge of the hollow-cathode type at various stages of
discharge;
20 figures 6A to 6E depict a discharge element according to the invention at various
stages of another type of discharge according to the invention;
figure 7 depicts the measured characteristics of the discharge element employing
auto-triggering according to the invention;
figures 8A to 8D depict a discharge element according to the invention at various
25  stages of yet another type of discharge according to the invention;
figures 9A to 9E depict different ramifications for discharge triggering according to
the invention according to the invention;
figure 10 depicts a target structure for discharge triggering comprising a wicking
structure according to the invention;
30 figures 11A to 11C depict possible cross-sections through a wicking structure

according to the invention;



15 figure 3 depicts another enbodi nent of a radiation source according to
the invention; figures 4A to 4B depict a radiation source 'conprising a

| aser triggering unit according to the invention; figures 5A to SE depict
a di scharge of the holl ow cathode type at various stages of discharge; 20
figures 6A to 6E depict a discharge el enegf. according to the invention at
various stages of another type of discharge according to the invention;
figure 7 depicts the neasured characteristics of the discharge el enent
enpl oying auto-triggering according to the invention; figures 8A to 8D
depi ct a di schéizgesdRanterif Catepint diasg-secsiank éhriongiea midungstrughne ausmiods st ages
of yet anot her tf\éﬁe of discharge accordipg.to the invention; figures 9A to
9FE depi ct #REeeeicHschargsitigrasingsreorigie 9tRe HPHEOR: 1 i ggeri ng according to

t he i nvention cor gy to the.ipventien.fiLaure. . i . g
structure for gg{:ehgjrg 16 ?%aﬁg?tisﬁagtg’éenﬁ)F idéﬁch%g‘a%éggﬁﬁggéﬁé@srjﬁ%%%{Kggﬁg
accordi ng §0,4hR JcRYAM 1B e B¥edtididres 1 1A to 11C depict possible
cross-sections through™ w cking structure according to the invention;
figures 12A t of}RE Beghosts agrossibleesdsiensoishthamgh aavivkiaf smactateragedrding tat
various stages of discharge triggering according to the invention; figure
13 depi ct sthe ipuen§®n; st ructure for discharge triggering conprising a w cking
structure accordin t he i nvention; figure 14 shows a possibl.e.

cr 055 sect | ona TEHFOPICt R HRES g bfPin. e i ttiets eeB oY SoRefits h fiffine n,
figure 15 denittSclolif-96msivigidi e for discharge triggering conprising a
wi cking structure accérding to thé invention; figure 16 depicts a

radi ati on sour figuﬁorﬁmgsdmgrﬂi@jqurﬁhidswoﬁ{prﬁirgdﬁngﬁwfmimme eldhepdssi ng
through a liquid according to the invention; and figure 17A to 17B depi ct

di fferkht passirs hraugbadiqut agpsbingiqfbedrveglieriasg according to the
I nvention. Thefisgtlﬂrcl fﬁgtoaﬁé c?e%ri]ct\%tlf‘.laregp roalr'n%ﬁé:sﬁlto%s %or}%schgr%e ?rllgg@%% %céo?dﬁlg ?o

figures are
the invention,

The skilled artisan will appreciate that the elements in the figures are
illustrated for simplicity and clarity and have not necessarily been drawn to scale. For
15 instance, the dimensions of some of the elements in the figures may be exaggerated relative
to other elements to help improve the understanding of the embodiments of the present

invention.

Embodiments
20 Figure 1 échematically depicts a lithographic projection apparatus according
to a particular embodiment of the invention. The appafatus comprise_s:

a radiation system LA, IL, for supplying a projection beam PB of radiation, for
instance, EUV having a wavelength in the range 5-20 nm. In this particular case, the
radiation system also comprises a radiation source LA;.

| 25 a first object table (mask table) MT provided with a mask holder for holding a mask
MA (e.g. a reticle), and connected to first positioning means PM for accurately positioning
the mask with respect to item PL;

a second object table (substrate table) WT provided with a substrate holder for
holding a substrate W (e.g. a resist-coated silicon wafer), and connected to second

30 positioning means PW for accurately positioning the substrate with respect to item PL;

a projection system (“lens™) PL for imaging an irradiated portion of the mask MA



illustrated for sinplicity and clarity and have not necessarily been drawn
to scale. For 15 instance, the dinensions of sonme of the elenents in the
figures may be exaggerated relative to other elenments to help inprove the
under st andi ng of the enbodi nents of the present invention. Enbodi ments 20
Figure i schematically depicts a |i thogrééhi C projection apparatus
according to a particular enbodi nent of the invention- The apparatus
conprises: a radiation systemLA, IL, for supplying a projection beam PB of
radi ation, o taﬂg@ﬁﬁ&ﬁéﬁc @Lévc&ﬁyhﬁﬁ %né"@i’ﬁrﬁo?é‘&i%&) dfthd RGstt AP 5-20 nm In
this particular case, the radiation systemal so conprises a radiation
source LA, . 25 a fi Asherhjepirted, etal applraassis béb keflectiffe gpeVidlass aveflactiverask
hol der for holding a nask MA (e.g. a reticle), and connected to first

posi ti oni naseaHewpKers by geaeraliibmay ¢lsp&siof ﬂmmglsswnéyma@k eyample(wipact to
Item PL; a _second obj

subst r at e tﬁ?ﬂ%ﬁ?“‘f%?“ ﬁ‘ﬁb‘ﬁh?rﬂﬁméf’(@u é%‘ép%%%u%?’%%é‘l’y%’ 4%‘8 ?mg&?ﬂ’é‘aﬂgm& con
waf er) s n&ﬁﬁta‘é'qr;gt?%éﬁﬁf%% M9t 'o?{&'tﬁ% %Er@f%ﬁeﬁ)w BHveaccurately

p03|t|on|ng t e subst respect to a prOJectlon system
("lens") PL for i rragRé[Bnﬂ‘Ig tolfigatd Blthellaen-piodicsdl ortdihargs lavarddiati@nt o a
target portion C (e.qg. rising one or nore dies) of the substrate W As
here depi cloutte ItAqéYPa?ﬁAﬂé(rm@ e} & begm gf raéﬁatmas\ﬁetrawp’épl(lsese;hattaa@syalch@mizedt ive
mask). Howeyver ner t al so be of a tr Ssi.v , for
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enpl oy an or
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a beamof radiation as a train of pulses that are synchronized wth the
oper at i on seftingibe prtehangk eaiphner 1pdis} exdentdeompieaharctested Th s otatitanangd ofisder, nt o
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I nner radial "extent (commonly referred to as or-outer and a-inner,
respect i véeyn RB irhjriegingtoarthe tryasldM;A haba tiegredi umﬂohmtjoaminntdnmtﬁdmﬂhmn int

will generally
5 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, but that it may also be remote from the
lithographic projection apparatus, the radiation beam which it produces being led into the
apparatus with the aid of suitable optical components, for instance, directing mirrors. The

20  current invention and claims encompass both of these scenarios.
. . The beam PB subsequently intercepts the mask MA, which is held on a
| mask f-'able MT. Having been selectively reflected by the mask MA, the beam PB passes
through the lens PL., which focuses the beam PB onto a target portion C of the substrate W.
With the aid of the second positioning means PW (and interferometric measuring means
25  IF), the substrate table WT can be moved accurately, e.g. so as to position different target
-portions C in the path of the beam PB. Similarly, the first positioning means PM can be
used to accurately position the mask MA with respect to the path of the beam PB, e.g. after
mechanical retrieval of the mask MA from a mask library, or during a scan. In general,
movement of the object tables MT, WT will be realized with the aid of a long-stroke
30 module (coarse positioning) and a short-stroke module (fine positioning), which are not

explicitly depicted in Figure 1. However, in the case of a wafer stepper (as opposed to a



conprise various other conponents, such as an integrator and a condenser.
In this way, the beam PB inpinging on the mask MA has a desired uniformty
and intensity distribution in 15 its 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, bd -t hat it may al so be renote from
the |ithographic projection apparatus, the radiati on beam which it
produces being led into the apparatus with the aid of suitable optical

CONMponent s gof Ok dlsPsi ﬁﬂfgfamgiﬂﬁeeﬁaéwﬁbmm%@ hjgéft% cotfe@td {0 ¥nokt¥weRE | on and

cl ai rs enconpass bot t hese scenari os. beam PB subsequently

i nt er cept s a¢thgtofws kndyee filéidch is held on a mask table MI. Having been
selectively reflected by the mask MA, the beam PB passes through the |ens
PL, which focuses thdhpdepices apparatug carmbgetedgn tvo diffaresimedes: substrate W

Wth th i d t h d I L1 o ny P interf tri
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posi tion th@idwakis MenMhifled RIREK and/Or { dEe@iind sothdt Aclitieait thiget forgon af dagr
mechani cal retrieval of the mask MA froma mask |ibrary, or during a scan.

| n gener al be irrsliaterbby thofbeamePBibj ect tables MI, WI will be realized with the
aid of a I gng-stroke 30 nodu coarse positionin and a short-stroke
modul e (11 36 pBSIcRh BIRGE ST K he RSP IS RBER GO it Eate hreel Bien 1
rovever, | gL 06 &@3&d3h i SHash® AL, (RS mOUPABRIVITAs TrovhBie if h 8RN d- SCan
apparatus) 'the nmask table may j ust bé connected to a sohort st roke

actuatgy, @ikediidy (e sbicsBed “sthe ddegiont’ edlg ahe aldakttsom avittbespesa 6, sothhtie
different nodes: 1. In step node, the nmask table MI is kept essentially

st at i onar yprogastiomheam ®iBr ig cawssid to Beanpygea mask fofge; cerrurigndhdhe substrate table
single "fl »).onto a target portion C. The.substrate table W is the

Shi Tt od | nLhEs seotlegne e B i same s pRaRes dieridt S oBdd Ser Mot VBRBC
can be 'rﬂfﬁﬁ!tﬁéxﬁg Yicdtlth &Qﬂ@leﬁ?PL?(ﬁypkdﬁlﬁPﬂm TR 1/50 38 0id Ahhder! pe same
scenari o applies, except that a giveri‘target portion Cis not exposed in a
si ngl e "f| gidiivelyllagteadet fditon@san halekposel, wirhemhabing tb kompgimieaon 0
direction (the so-called "scan direction", e.g. the y direction) with a
speed A3, - sis@lHEeN-t he

Figure 2A shows a radiation source [LA according to the invention. The

radiation source LA comprises a plurality of plasma discharge elements 240, an anode plate
220, and a cathode plate 210. The anode plate 220 and the cathode plate 210 are electrically
isolated from each other. The discharge elements 240 are disposed, substantially

20  symmetrical about an axis of rotation A, between the anode plate 220 and the cathode plate
210 such that the cathode of each discharge element 240 is electrically connected to the
cathode plate ﬁlO, and such that the anode of each discharge element 240 is electrically
connected to the anode plate 220. The source LA is mounted to a suitable support frame
(not shown) so that it can rotate about axis A in a predetermined direction. Radiation 60 is

25  emitted along an axis B through a corresponding emission aperture 230 in the anode plate
220 when one of the discharge elements 240 is in a predetermined firing position 255.
Alternatively, the radiation source LA may be constructed such that radiation is emitted
through an emission aperture in the cathode plate 210. Each discharge element 240 may be
rotated into the firing position 255 — said firing position 255 is substantially fixed with

30 respect to the lithographic projection apparatus. A discharge power supply (not shown) is

connected to the anode plate 220 and cathode plate 210 to provide for a pulsed voltage V



projection beam PB is caused to scan over a mask i mage; concurrently, the
substrate table W is sinultaneously noved in the sane or opposite
direction at a speed V = M/, in which Mis the magnification of the |ens
PL (typically, M= 1/4 or 1/5). In this nner, a relatively |large target
portion C can be exposed, w thout having'to conprom se on 15 resol ution.
Fi gure 2A shows a radiation source LA according to the invention. The

radi ati on source LA conprises a plurality of plasma di scharge el ements 240,

an anode plaL& meAhdeadthole ¢ah IRAR ALRHRCHaEE cldhenfRdeuRh@! £ swgiBleand the

cathode plate 210 are electrically isolated fromeach other. The discharge
el enent s 2d{bsane: idithp asarof sglk aaporalsiprodfedyyradischargt naboial supplypfoos of
rotation A between the anode plate 220 and the cathode plate 210 such
that the cetomodeat deertsin porgesEHmndeeteeayigde audcgtBoda. Examplegiof uitdblnect ed to

the cat hogﬁﬁs‘{)l ate 210, &JE'SUCh tk}ﬁtgdt he anode of each di scharge el enent
240 is el eSS AL XOGRNEEIHEE Y2 HEY bde plate 220. The source LA is

nounted to a sui tablﬁéﬁ&%gﬁm{frt Ig%é%t ﬁgé}téggg\g?g%aﬁqig‘pgg vielve@®Y ot at e

about axis Ain a predetermne ron 60 is 25 emtted al ong

an axis B ﬁdnbg;lagﬁic@ngafﬂ@ﬁ@@mmgAﬁhm@ dreubip entissicn Gfiuies 230eradepieed)| at e
220 when one of the discharge elenments 240 is in a predetermned firing
posi tion 288, geometry cambe vesdy forfimsancg gobigonrSignlarly ealthyugh yheymode plate 220 ed

Sueh, 0 LR 38 LA P L P A R
Po51L1 o1 33y e PAEGE) L ALIBIAL B80S omsub o ehnCin i

(not  silpoWNfirin@postutESS, e indtahdes tiedpe plagbe n2cifiedtd iagirbvadeobing)te réiidet o
provide for a pul sed voltage V -13- across the anode-cat hode gap, inside
each di schassseansl/emimprovespse pigansapction. Alfemapvely, a mgtarighaaybs usebwitheuh of a

gas or vapor, .iS provi by a disecharge material su not .~shown) at a
certain C&Wéﬂ??ﬁ]ﬁqfﬂlﬁe&gﬁ?{,&gé}?fﬁ 6dE 5 nﬁ?gfeﬁgéoe&w ﬁ%ﬂkl\éaéﬁagfmggitabl e
substances are xenofypdrhdidl S the HdatRRGobRLIIUNs Smithoid 1Be SFerahioNst 4 Gatiagode
plate 220 in plan vi e%v as viewed by the lithographic projection apparatus.
Al t hough cgunc Thadiselmrgseéloment N0t an tiesfidfPpesitomi2f stopdratedatoyprogdurmtplasnzan be
used, for i1nstance polygon. Simlarly, although the anode p|ate 220 nd

t he cdBfhodungl. yddchinduyRrodiss éﬂ’éﬂ;cé’% rashatiosy G- Sifrer gIassion %fgtg? ragigtiod pylses or -

construct it?ura] source LA is rotated such that a different discharge element 240 is positioned in the
firing position 255. The discharge element 240 at the firing position 255 is operated, and
the cycle repeats. Each discharge element 240 is only used once per revblution, giving it
time to recover. Typically, recovery will comprise cooling and restoring of the discharge

20  conditions.

Alternatively, each discharge element 240 may be operated in the firing
position 255 for a pluraIify of plésma pinches before rotation. The number of plasma
pinches is related to factors including the heat load, and the time needed to restore the
discharge conditions in a discharge element 240.

25 Additionally, it may be advantageous to operate the discharge elements 240
non-sequentially such that each discharge element 240 is not operated each time it is
rotated into the firing position 255. In other words, discharge elements 240 may be skipped
— for example when an odd number of discharge elements 240 is used and the radiation
source turns through two pitches between discharge operation, each discharge element will

30  only be operated once every two revolutions.

Although a radiation source LA with eight discharge elements 240 is



may be enpl oyed that permts the discharge elenents 240 to be repeatedly
di sposed in the 10 firing position 255. For instance, the shape nay be
nodi fied to i nprove cooling, to reduce mass, and/or inprove ease of
construction. Alternatively, a material _nqgy be used without enission
apertures 230 if the material is transparent to the emtted radi ati on 60.
Qperation of the radiation source LAis simlar to the operation of a
Gatling gun. The discharge elenent 240 at the firing position 255 is
oper at ed tdepictodiube skillpd artisen wilbagprexiste thdtiani nimbe¢nnfrlisshags elemeats40san of
radi ati on 60. After, em ssion of the radiation pulse, the source LAis
rotated suehusehaboningprgce ifeaeh dischangs elementciidhis ipuloonics apd aipelse fieguensy ohe
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the other embodiments of the invention. It will be obvious to one skilled in the art that the

radiation source LA can be further modified such that only part of the source rotates, or that
different parts rotate at different speeds. For example, when the anode is the component
that overheats, rotating the anode plate 220 only or rotating the anode plate 220 faster than
20  the cathode plate 210 may be advantageous. In such a case, the discharge element 240 at
the firing position 255 is then a particular c_:o_mbination of an anode plate 220 position and a
cathode plate 210 position. i
The embodiments described rotate in a plane perpendicular to the axis of
emission B. Alternatively, as shown in figure 3, the construction of the source I.A may be
25 modified so that the discharge elements 240 rotate about axis A in substantially the same
plane as the axis of emission B. The discharge elements 240 are disposed in a substantially
symmetrical arrangement between a modified anode plate 320 and a modified cathode plate
310, such that the cathode of each discharge element 240 is electrically connected to the
modified cathode plate 310, and the anode of each discharge element 240 is connected
30 electrically to the modified anode plate 320.

The embodiments shown describe the use of discharge elements 240 that are



measur enent devi ce woul d enabl e the discharge el enents 240 to be rotated
into the firing position 255 in any order, and/or to avoid one or nore
di scharge el enents 240 that may be perform ng inadequately. 10 The
construction of the radiation source LA can be sinplified as depicted in
figure 2C. Here the discharge el enents 248-are not separately discernable
structures. but corresponding positions in a suitably forned anode pl ate
220 and cat hode plate 210. The discharge elenent 240 at the firing
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cat hode plate 310, and.the anode of each di scharge el ement 240 is connected
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enpl oys a continuous supply and renoval of single use discharge el enents

240, \Wher evith eealing chiesediacayying e aiiteblodaid; Bor insance diguighiactals asgrater; pdes i n

the firing posliléljegsr}ng 8156 cl?gcftr?cra? Cl?r?énrt] Und/or the supply rate of discharge material by
sepﬁrating the discharge elements 240 into a pluralityr of groups, each group of one or more
discharge elements 240 having its own discharge power supply and/or a separate discharge
material supply.

20 The embodiments of the radiation source LA may be modified to employ
discharge elements 240 of any suitable type, such as Z-pinch, capillary discharge, plasma
focus, hollow-cathode or laser produced plasm:a devicés. It may be particularly
advantageous to employ a discharge element 240 featuring one or more aspects described
in European Application No. 02256907.3, and incorporated herein by reference. These

25  aspects already provide increased pulse timing stability, reduced electrode erosion and
increased conversion efficiency.

Additionally, some discharge elements 240, such as described in European
Application No. 02256907.3, transport a liquid such as xenon, indium, iridium, tin, lithium
to an area proximate the discharge space for either fuelling the discharge and/or protecting

30 an electrode during discharge. The arrangement shown in figure 16 may be used to reduce

the recovery time of the source LA employing a phirality of discharge elements 240, by



5 replaced. In another alternative, substantially different discharge

el ements 240 nmay be wused in one radiation source LA each discharge

el enent 240 providing a substantially different radiation beam60 in terns
of, for instance, wavel ength, cross-section shape, solid angle of

em ssion, size, and/or intensity. Pr ovi dil g these kinds of variations at
the source 10 nmay reduce the conplexity of the illum nator and projection
lens in the lithographic projection apparatus, especially when dealing
with refl egipp¥ndin e exisiehd hQAabspoftifechhtiShta bivve feplRindie BRRbAKES tO
reduce recovery tine: additional coollng of the discharge el ements 240,
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el ements 240, by -16- supplenenting the existing 1iquid transport mechani sm

or even r eph;alm iy antagedtisgo dotetithe tpsersmamciBOlinia the didigsesbuseediA aloag agtath

| east _gne t he di_scharge el nts 240 at is not in the
% furthcr away from 6}16 path oF g% emsltted rad}agon 60. Tl%s would {Jc possible, for

example, with the source LA depicted in figure 2C.

Figures 6A to 6E are used to explain the general principle of pinch
triggering using a beam of laser light 380. The figures show a cross-section through a
discharge element 240, comprising an anode 20 and a cathode 10 that are electrically

20  isolated. The assembly is substantially sealed, and supplied with a gas or vapor at low
pressure, for instance xenon or lithium, from a discharge__ material supply (not shown). The
anode 20 and cathode 10 are connected to a discharge p;)wer sﬁpply (not shown).
Discharge field lines 45 are also shown. Pinch formation is triggered using a suitable beam
of laser light 380, for instance wavelength: 254-1060 nm, power: 10-100 mJ in 1-20 ns,

25  diameter: 0.3-1 mm.

As depicted in figure 6A, the discharge element 240 is brought into a state
where a pinch is about to form, using the discharge power supply (not shown) and the
discharge material supply (not shown). For instance, the anode 20 is connected to ground,
the cathode 10 is connected to an a.c. voltage of 11 kV at 100 Hz, and xenon is supplied at

30 arate of 4 sccm (standard cubic centimeters per minute). At a predetermined moment in

the cycling of the discharge power supply (not shown), the beam of laser light 380 is fired



firing position 255 is subnmerged in a bath 80 of the liquid 82 to be
transported to an area proxinmate the discharge space of that discharge

el enent 240. |If required, the bath 80 may 5 al so contain a heating el enent
84 (or cooling element) to keep the quuiﬁ%at the correct tenperature. As
the source LA rotates, each discharge el'enent 240 will be operated in the
firing position 255 for zero, one or nore pulses and then partially or

whol |y submerged in the bath 80 | ong enough for the liquid 82 in the area

proxi mat e hpa pRaetdirfiizea ot spAELsrMch of tHeepb&{sed figure bB) ATidbidafiesf 1agpect of
the radiation source LAis depicted in figure 4A. A laser triggering unit
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a di scharge power supply (not shown). Discharge field lines 45 are al so

shown.10Pi npdsitiar ofethe dischage caupge bgdfon sistegrce, edasirbdd bsive agtectoddeldaformatiomht
380, for instance, wavel ength: 254-1060 nm _ power: 10-100 mJ in 1-20 ns, 25
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suitable material, for instance tungsten. The assembly is substantially sealed, and supplied
with a gas or vapor at low pressure, for instance xenon or lithium, from a discharge
material supply (not shown). The anode 20 and cathode 10 are connected to a discharge
power supply (not shown). The discharge element 240 is brought into a state where a pinch
20  is about to form, using the discharge power supply (not shown) and the discharge material
supply (not shown). At a predetermined moment in the cycling of tl}e discharge power
supply (not shown), a beam of laser light 380 is fired at a region close to the emission
aperture 230 on the anode 20. Pinch formation and subsequent radiation emission occur in
a similar way as depicted in figures 6C to 6E.
25 The expected method of triggering the pinch is to fire the beam of laser light
380 at a predetermined target on the cathode 10 as depicted in figures 9B to 9E:
the rear wall of the hollow cathode 10 (as depicted in figure 9B);
the cathode aperture 911 (as depicted in figure 9C);
a point on the cathode 10 close to the cathode aperture 911 between the cathode 10
30 and the anode 20 (as depicted in figure 9D); and

a protruding structure (trigger pin) 355 on a surface adjacent to the discharge area



at a predeterm ned point on the surface of the anode (see figure 6B). The
beam of laser [|ight 380 causes a region 337 to be heated, and sone of the
material 35 will be evaporated fromthe surface (ablation) as shown in
figure 6C. The material ejected 35 enters,the discharge region; and
triggers the pinch effect (see figure 6D)1 hat results in a constriction 5
(pinch) 50 containing hot plasma (see figure 6E). This plasma has a high
resi stance due to its small cross-section, and effectively transforns the
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finally into emtted radiation 60 along axis B. Aiter the pinch,
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.em ssion aperture 230 is provided in the anode 20. The anode may be
conposed of anthe pasitiannfdherpineh ped thug ge ¢mitted madiatiarrg stable refative tsthe etntyal i s
substantial l.y seal ed, .and |l ed ith a gas . or .vapor, at |ow pressure,
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and the discharge materi al supgl y (not shown). At a predetermn ned nonent
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When triggering the discharge using a laser impinging on a first electrode,

for example the cathode, the plasma near the other (second) electrode, for example the

20  anode, has a low density and may have a high anomalous resistance. Experiments have
shown that approximately 25% of the energy from the discharge power supply is used to
overcome this resistance before the discharge can start, and this can reduce fhe effiéicncy of
the discharge element. A possible solution for this is to employ an external switch to delay
the current from the discharge power supply until the material ablated from the first

25  electrode has been allowed to increase the plasma density in the region of the second
electrode, Unfortunately, the use of an external switch increases the inductance of the
external circuit which typically reduces the efficiency of the source. A particularly
advantageous alternative is shown in figure 17A. The figure shows a cross-section through
the central part of a discharge element 240, in which the cathode 10 comprises a protruding

30  trigger pin 355 which is electrically isolated from the cathode 10. When the laser beam 380

impinges upon the triggering pin 355, material is ablated and allowed to spread towards the



a protruding structure (trigger pin) 355 on a surface adjacent to the

di scharge area -18- between the cathode 10 and the anode 20 (as shown in
figure 9E). The trigger pin 355 nay be conprised of the same material as
t he cat hode, and/or the solid formof the gas or vapor wused to formthe
pl asma, and/or a different material chos qfor its evaporation properties.
For instance, xenon, tin, lithium indiumand iridiumnpnay be used. 5
However, the enbodi ment (as shown in figure 9A) where the beam of | aser
l'ight 380 dischalicatie aTRAdibcafgeldag cARCAR 3DeR HiRhaARHalBRHEOhoB M Shode and
advant ages: the position of the pinch and thus the emtted radiation is
st abl e r el dtd cathade, schibe ¢ioret deddy createdcdd, berinfiutnded yicharming thbsize rofl dieatkiigger
pul se energy and timng; and the pinch position is close to the central
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and may have a high anonal ous resistance. Experinents have shown that
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the second electrode. Unfortunately, the use of an external Swtch
i ncreases along & path othen deanghrovigh thesattode 38 laperiture s shown ohfigurpil 76t keepiragthees

the efficiency of the source. rticularly advantageous alternative is
Shown 1P fingesas kel Wil e Gipce SRS & spbeman fabent 1R rugpposing the © +

trigger pin 3535 in the center of the discharge element 240 when using a non-symmetrical

cathode 10/ anode 20 configuration as depicted in figure 17E.
In a similar way to the embodiments described previously, the isolated
trigger pin 355 may comprise part of the anode instead of the cathode, or the trigger pin
20 355 may be a separate structure within the source LA that forms no part of the electrodes. It
will further be obvious to the skilled artisan that a phirality of known and new triggering
methods may be combined for a further improvement in the characteristics of the radiaﬁbn
source LA.
It may also be advantageous to employ a trigger structure 355 which further
25  comprises a suitable liquid surface. Within a discharge source, a convenient method of
transporting liquids is to use a wicking structure such as that described in European
Application No. 02256907.3. Figure 10 depicts an improved wicking structure 70, with a
first end immersed in a bath 80 of liquid 82 and a second end disposed proximate the
discharge area which can be irradiated by a radiation or particle beam 380. The liquid 82
30  may be the liquid form of the material used to make the cathode and/or anode, and/or the

liquid form of the gas or vapor used to form the plasma, and/or a different liquid chosen for



the central part of a discharge elenent 240, in which the cathode 10
conprises a protruding 30 trigger pin 355 which is electrically isolated
fromthe cathode 10. Wen the | aser beam 380 i npinges upon the triggering
pin 355, nmaterial is ablated and allowed to spread towards the -19-

di scharge space. The discharge can only s2%rt when the material reaches
both the anode and the cathode, so the tine delay created can be

i nfl uenced by changing the size of the trigger pin 355, the distance
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vari at i ons wgies tpliced 34 omasSiith fachdtRGMHhd16hR9SHRBY &R (BY sthRiutes 90lqamt  the
configurations of the cathode 10 and anode 10. These variations incl ude

i ncl udi ng sutstaegslinreguiae chamehoentiining éhetliqugd) 82, spcin tigh heahaghawrsizerffthgur e
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25 conprises a suitable liquid surface. Wthin a discharge source, a -

converiident evieabybyribgted ﬁbrangwt thengicking strysture 79 gueitethg reguda angngament ofir e

such as t ht%% cy iR fciaps%rqlciur}es%.qgggcrﬁtion, the flow rate throu gﬁ each channel] 95 will be
substantially the same due to the substantially equal volume and shape of the channels 95.
As shown in figures 12B and 12C, the beam 380 causes a region of the second end of the
wicking structure 70 to be heated. This regions comprises a plurality of channels 95, within

20  which the liquid 82 will be heated, creating a.vapor 335 above the surface. The vapor 335
enters the discharge region, and triggers a pinch effect. The liquid evaporated 335 will be
replenished from the bath 80 under influence of the capillary effect.

The amount of vapor 335 created by each pulise of the beam 380 can be

varied by changing critical parameters such as the liquid 82 used, spot size of the beam

25 380, the size of the channels 95, the distance between the channels 95 and energy of the
beam 380. The size of the channels 95 can be varied by, for instance, changing the relative
arrangement of the cylindrical structures 90, as shown in figure 11B; by changing the
diameter of the cylindrical structures 90, for-example a smaller cross-section as shown in
figure 11C; by changing the cross-sectional shape of the structures 90; or by combining

30 = cylindrical structures 90 of different diameters into the same wicking structure 70.

Similarly, the timing between the pulse of the beam 380 and the discharge can be varied by



Application No. 02256907.3. Figure 10 depicts an inproved w cking structure
70, with a first end imrersed in a bath 80 of liquid 82 and a second end

di sposed proxi nate the discharge area which can be irradiated by a

radi ation or particle beam 380. The liquid 82 30 may be the liquid form of
the material used to make the cathode andlor anode, and/or the Iliquid form
of the gas or vapor used to formthe plasma, and/or a different |iquid
chosen for -20- its evaporation properties. Exanples of suitable substances

are xenon, bRl #4801 i adi AN I Glahd 82
may need ;g Emetof Biibie M MBunPOE dok 394 Blogl ey Bigf BARE pf idbep 0y

W cki ng stdndohe BRtdn0e Basses tie beadiynd dfake wWidkangiinichee MO GlE B disdhakie abda
70. Figure 1 1A depicts a section taken along Iline Xl-X of figure 10

t hr ough t hBhebrepp ey timesifithe sanres (Tias timhibefore a npxti XEY radibtiompulsatdnbe

cylindrical, stryctures 90, for exanple wres, placed in contact with_each
other. Th éﬂgé‘i{%d)g?nd@t%érﬁz%gy gh%nﬁ}&%@alg@r@ggpﬁ@?fegmﬂ%ww@ Jugh aetg) ar

channels. SO & L Bt OR d5 B4hd: ey epak13linbiiey ShARE-0G, o1 ze of the

gaps 95 is Tniluénce e Sz arrangene e Structures 90.

Figure 12A depicts aparfigd foQfe ayliichN@riciudds 9 dueXth thdirabiiaieh ®f IkAehmr ough
the second end of the wi cking 10 structure 70, showi ng the cylindrical

st r uct ur es3800amahitius Hebripaipsh® Sourem tis¢onisigrablyereldilcpdi lbcBe in gérerdlisqbstahtBByi s
kept at an optinal, tenperature using either the heating elenments 84 and
184, the Hessiengieyds SOHHPYE SraparatoaBAmidithana slid Feypdoymigstsh 4 Wickingnce of

the capi | lsﬁ{u\,{ﬁug %lg)%%s the %Pﬁ‘g&r :p‘fl H‘leq)egt% 0l tlo bfelrg(x&c];:& Oaggtcgﬁﬁggéﬂ%ﬁ%c}egsgeg ﬁ%h the

narr ow channe rom Irst en to The séco e W I'ng

st ructgr e effrgyASnedisivR efficiédGWithelstwce he liquid 82 will be 15 evenly
di stributed tf‘{roughout the wi cking structure 70 due- to the regul ar

arrangenent of t he Taylfiowdof Gakid $2rthrough 8w WRkingrstmduire 7doan albebd | ow r at e
t hrough each c nel 95 wil e sybstantially the s ue to th
substanti&PF‘?OIE%D&C%F%%F\%I%‘P?&HQ?HF‘WH NERTHAENS .gbﬁﬁézg% Tin
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channel s 95 vatied by cha@ingthe Prdskre lof ehs 16ui® invdhk lbathe2 90¢ aitiadt substaiallpg a. vapor
335 above the surface. The vapor. 335 enters the discharge region, and
triggb?s aopitantier palsedThemressiregoithe bathg8P sarbe aBseagkd by.Her exagmpleni shed
fromthe batE 80 .under .int ueng.e of t.he C‘%ﬁ‘i)l I ar% effect. . The amount of
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create a regular network of channels for the liquid. An alternative wicking structure 170,
similar in construction to the structure 70 illustrated in figure 10, is illustrated in figure 13.

20 Here the wicking structure 170 comprises closely-packed substantially-identical spheres
190, for example 0.1mm in diametef. Such a structure can be created by, for example,
compressing the spheres together under high pressure at high temperature. A cross-section
XIV-XIV through the wicking structure 170 is shown in figure 14 — the spheres 190 form a
channel network 195 similar to that of a sponge that is both symmetric and regular.

25 Operation is similar to the wicking structures already described, where the capillary effect

is used to transport the liquid 82 from the first end of the structure 170 to the second end.

Yet another embodiment of a discharge element 240 is schematically
depicted in cross-section in figures 8A to 8E. The discharge element 240 comprises an
30 anode 20 and a cathode 10 that are electrically isolated. The assembly is substantially

sealed, and supplied with a gas or vapor at low pressure, for instance xenon or lithium,



25 380, the size of the channels 95, the distance between the channels 95
and energy of the beam 380. The size of the channels 95 can be varied by,
for instance, changing the relative arrangenent of the cylindrical
structures 90, as shown in figure 11 B; by changing the dianeter of the
cylindrical structures 90, for exanple & |l er cross-section as shown in
figure 11C, by changi ng the cross-sectional shape of the structures 90; or
by conbining 30 cylindrical structures 90 of different dianeters into the
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beam 380 a e discharge can be varied by -21- changing, for exanple, the

amount of wapdisckdfe powenpplyioshotvnpbsRisahcd fita.baaltagSipplyadigablees
di stance between the second end of the w cki,n(ﬂbstructure 70 and the
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substantially 1less energy is required to evaporate a liquid than a solid.

Enpl oyi ng miitinetersd cki ng structure allows the energy of the beam 380 to be
reduced and consequently jncrease he 10 energy. conversion efficiency of

t he source. Th%“‘?lﬂ'@i)gﬁ'i‘g“ﬂo&ﬁlpg%@f?ioﬁ??’iﬁﬁ "E‘Wé%ﬂﬁ’cfm ﬁ@tag%%g@mcéerfé@an al so
be contr gggpﬁ%xﬁﬂﬁas,th&ga{ g.fbdst end of the wicking structure 70 to a

bat h 280 unde pressure as I1llTustrated in figure 15. The flow of liquid 82

t hrouglp t he chgivredcnnd@ions Betiwes theddisotakdegshvy sGFY Giddghéwie) QRS disehfe t he
liquid in the bath 280, either substantially 15 constant or pul sed. The

pressure iclembat % AP80 can be increased by, for exanple, mechanical
means, liquid injection as j.njecti,on or a,conbination of these. It wll
be obvi ous t o i QegTieal gomertials, By AR SN Re R RR sl RL 8o o1 cat e
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figure 10,elédricdlltigger dd @catedby allowingiBe cientifiroen the @isshage powst supglyteerisk?0
conpri ses cl osel y-packed, substantially-identical spheres 190, for exanple
0. 1nmifn dudekdy &hor nsipnpe in lsssrthan LPQ nangseennds). @nd By maintainbg thy awpent for a

. g?gg;?zzlc,? ; 8«#2&?111%91@(? {n?c%vgl%g 1'511%?1”01‘[’1'1[115 gﬁceﬁ(ﬂlﬁic?cgs%ésgn%&erﬁé QIHic:lglt}Sé i QUrren %Jsr e A

made possible by the low inductance of the system. :
As depicted in figure 8A, the discharge element 240 is brought into a state

where there is diffuse discharge from a cathode spot 15 to an anode 20. Cathode spots are

20  hot spots that form on the surface on a cathode. They provide the discharge with electrons
due to their higher than ambient temperature, and at a high enough temperature, they may
supply the discharge with cathode material by evaporation. The current flowing from the
cathode 10 to the anode 20 is limited by the discharge power supply (not shown). As shown
in figure 8B, two physical effects occur as the current flows through the system — supply of

25  cathode material from the cathode spot 15 in the form of low temperature plasma 35 into
the discharge gap, and compression of the plasma column due to the pinch effect. As
shown in figure 8C, the pinch effect results in a constriction (pinch) 50 containing hot
plasma. This plasma has a high resistance due to its small cross-section, and effectively
transforms the electrical energy of the discharge into thermal energy of the plasma, and

30 finally into emitted radiation 60 along axis B. The high resistance of the constriction 50

causes a current decrease, and the plasma again expands to the walls of the anode as shown



XI'V-XI'V through the wi cking structure 170 is shown in figure 14 - the
spheres 190 forma channel network 195 simlar to that of a sponge that is
both synmmetric and regular. 25 Qperation is simlar to the w cking
structures al ready described, where the capillary effect 1is used to
transport the liquid 82 fromthe first erd -of the structure 170 to the
second end. Yet another enbodi nent of a discharge elenent 240 is
schematically depicted in cross-section in figures 8A to 8E. The di scharge
el ement 24{111 ﬁ'@ﬂp BDS §%e @%aréﬂ)naﬁ? %@plﬁ&nﬁ‘ RebuRs £PchB 6ishatiBn bhéifﬁféé Bischarge as

el ectrical ol at ed. e assenbly is substantially sealed, and supplled
with a gasd@icw@noﬁ‘igm 840 Whp resssarice  of faaliffusesdisvhageXelower, oandlthmshhel onrrerit2-
froma discharge material supply (not shown). The anode 20 and cathode 10
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supply, an t’he current fromthe

di schaige \Qﬂﬁé@é 7631pPik¢ gotver bSply d&ing uﬂﬁkﬂnyva(abpas tha siogkiag sibktdnes.sThetne 100
nanoseconds), and by maintaining the current for a predeterm ned interval
of tinme, fhntwcmndméoﬂos apresisataly ddns Equivglentio 23 )h current is nade

possi bl e by the | owJ ndu t ance of. the system As depicted in i re 8A the
i schar g ol enont 24514 A Faof the BlaSHha rEaten Miay o oyl a ell ghrich 4
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spots that mon the surface on a cathode. They provide the discharge
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enough tenperature, they nmay
15 - combination of a low-indiictance construction with a continuous supply of discharge

material results in the superimposition of multiple plasma pinches onto a permanent
discharge. The inductive energy is thus divided over multiple plasma pinches, creating a
conversion efficiency of at least 2 %.

Alternatively, some of discharge material may be supplied by ablating

20  material from a suitable surface inside the discharge element 240. This can be done using
any suitable energetic beam, for instance a laser or an electron-beam.

In another alternative, the formation of the cathode spot 15 at a
predetermined position may be encouraged by firing any suitable energetic beam, for
instance a laser or an electron-beam at the predetermined position.

25 This embodiment uses an electrical trigger to precipitate the initial pinch
formation, and it uses a cathode spot 15 to provide discharge material 35. It may be
advantageous to trigger the initial pinch formation using a laser triggering unit as described
in earlier embodiments. In this case, initial pinch formation within the discharge element
240 would occur in a substantially similar way to that shown in figures 6A to 6E, where

30  discharge material 35 is supplied by irradiating a predetermined position on a suitable

surface inside the discharge element 240. By repeated irradiation of the suitable surface



supply the discharge with cathode material by evaporation. The current
flowwng fromthe cathode 10 to the anode 20 is limted by the discharge
power supply (not shown). As shown in figure 8B, two physical effects
occur as the current flows through the syﬁépn1- supply of 25 cat hode
material fromthe cathode spot 15 in the Tormof |ow tenperature plasma 35
into the discharge gap, and conpression of the plasnma colum due to the
pinch effect. As shown in figure 8C, the pinch effect results in a

constri cti encl thanthkhesd cegidraB3i supplied mapkiabeontinibisty, bhasfRrigsring Rkt
resi stance due to its small cross-section, and effectively transforns the
el ectri cal camke gypinsaingdelhgi vagiatierfeinithy positiair ofithe grasliajgd sfrfach degstihedrim thand

30 finally int it.ted radiation.60. al i 5. B. The high i st f
the const 1 FEIEBHIBUNIERIELS 30 sRPIGHI AR SALONTERY 1 ne plasim agaln
~expands to the walls gQf, h}%ﬁﬂﬁgsccﬁégzﬁg}’mgf;@hsh&gh'b%%&enﬁl%edﬁﬁggﬁﬁgans' on

) 1 .
of the plasma results in the Tornma use discharge as ted in

figure BA. cibedieai(s) Alseatod, tt dyftﬁa@eﬁusﬂcdlvﬁfrg%nﬂshdh%{ﬁﬁvalam thus the
current rises again. By operating the discharge el ement 240 such that the
cat hode spot 15 supplies material continuously, the cycle depicted in
figures 8A to 8D repeats continuously. Thus, a 5 self-oscillating
(auto-triggering) regine with a plurality of emtted radiation pulses 60 is
produced during the predeterm ned interval of time that the current is

mai nt ai ned by the power supply, for instance, 10 mcroseconds. Figure 7
shows neasurenents on the discharge el enent 240 during a period of
auto-triggering. The graph shows output radiation intensity 701, the
current 702 and the 10 voltage 703 of the power supply using |ithium vapor
as the working substance. The tine between pulses 704 is approxi mately
45ns (equivalent to 22 MHz). The reduced size of the plasma regi on neans
that only a small part of the energy input into the systemis used to heat
the plasma in the final stage of the pinch. The rest of the energy is
either stored as induction or used for plasma creation. This 15 conbi nation
of a |l owinductance. construction with a continuous supply of discharge
material results in the superinposition of nmultiple plasma pinches onto a
per manent di scharge, The inductive energy is thus divided over nultiple

pl asma pinches, creating a conversion efficiency of at least 2 %
Alternatively, sonme of discharge material nmay be supplied by ablating



20 material froma suitable surface inside the discharge el enent 240. This
can be done using any suitable energetic beam for instance a |aser or an
el ectron-beam |In another alternative, the formation of the cathode spot 15
at a predeterm ned position may be encouraged by firing any suitable
energetic beam for instance a |aser .5 an el ectron-beam at the

predeterm ned position. 25 This enbodi nent uses an electrical trigger to
precipitate the initial pinch formation, and it uses a cathode spot 15 to
provi de discharge material 35. It nmayLABMS advant ageous to trigger the
initial pinch formation using a laser triggering unit as described in
earlier enbodinents. In this case, initial pinch formation within the

di schar ge 1el enetadiadf ook doRBEsingian Moddibed arnthihalié yhasiard tanfigusyl d4nd t hat
shown in figures 6A to 6E, where 30 discharge material 35 is supplied by

i rradi at i HFAB2e GeREEivbaes L 7 pERsHNEHInG ditRhargs sRace er&Eéalflﬁgg it he

di schar ge sg’lder:qﬁﬁhe &Mrm BYplASRES &0 Joh@He@ dcRBmBbnehib fadibtidn2 i€ ritiifonce - 24-
such that ‘the heat ed region 337 supplies nateri aﬁ continuously, an

aut o- t ri ggewicagompasingea triggarine deraénecaifigagd tTindtiate séid dissharze by trasliasivsi ti on
of the irradiated surfac escribed in.the L1jer enbodi ments are al so
appl i cabl élsflgg(fel‘ﬁrgm osaﬁfg?% AER ARG |1trlilgqnye,n61%§téé Es’egdomp’)e of the invention
shoul d be determ ned not by the 5 enbodinent(s) illustrated, but by the
appended cl ains and their equivalents, -25- CLAIMS 1. A radiatiqn source
conpri si ng-an ahGHHALARFOHICE AEHIGEE (A 51218 rle WhERTH i ERFTEG BIPRAR O o
create a %iféﬁ:@%drg il &dsuBst ance in a di scharge space between said anode
and said cathode 1o forma plasm so as to generate el ectronagnetic

radi ation, said radiation source conprising a triggering device configured
to initiate saig di.scharge by inradiatl . J . .SA

di schar get3$ pace‘gﬁ‘il%mélnsogrﬁgr%% rfi%l%g%g%alng%’ @efe%gggggﬁé‘g%dﬁ%?gi%%g%i ng to
claiml, wa@hein said energetic beamis a beam of electromagnetic

radi ation. 3. A radiation source according to claim?2, wherein said
energetic beamis a |aser beam 4. A radiation source according to claim

1, wherein sai da eRELERdoEcR B BriBg o BRAM], wherein said energetic beam is a beam
of charged particles.

5. A radiation source according to any of claims 1 to 4, wherein said energetic beam

irradiates an area on the surface of an anode.

6. A radiation source according to any of claims 1 to 4, wherein said energetic beam

irradiates an area on the surface of an anode adjacent to an emission aperture.

7. A radiation source according to any on of claims 1 to 4, wherein said energetic

beam irradiates an area on the surface of a cathode.

8. A radiation source according to any one of claims 1 to 4, wherein said energetic

beam irradiates a target structure adjacent to a discharge area.



of charged particles. 5. A radiation source according to any of clains 1 to
4, wherein said energetic beam irradiates an area on the surface of an
anode. 6. A radiation source according to any of clains 1 to 4, wherein
said energetic beam irradiates an area on the surface of an anode adj acent
to an em ssion aperture. 7. A radiatioem-source according to any on of
clains 1 to 4, wherein said energetic beamirradi ates an area on the
surface of a cathode. 8. A radiation source according to any one of clains
| to 4, wherei nAsradletlmngetap@ordmea@mlarm§dwaf:l@sl sid Wrgs straatirg COWPESEd] acent
to a dischar ar.ea

wher ei n sfflaeq?rg?ra s[eleater uct ngFlé %‘["?}g C%hél%%ﬁye%gorﬁﬁﬁg Fect%glt lblglm@flﬁe group
consi st i Ngndifm (kQAodird(dken (Irtin (Sn), lithium (Li), indium(ln) and iridium
(Ir). 10. A radiation source according to claim8 or 9, wherein said target
structure forns part of said cathode. 11. A radiation source according to
claim8 o9, vmﬁcﬁaﬁbnss%ufieta@éo%h $ ElbGh 9ioe of Qhmin AT fargef sthhde anade. 12
A radi ation source according to C%a|n110 or 11, wherein the t ar get

st ruct ur e pag of gdideathodeal | y i sol ated fromthe cathode. 13. A radiation
source according to claim110 or 11, wherein the target structure is
electrically isolated fromthe anode. 14. A radiation source according to
any one ofllt he &lradimnlsote h3;ordihgtetlaint Rer Suwheaem said tam sttustirg yorsai d
energy beamc rrises a wicking structure configured to transport a Iliquid
t owar ds s&PgO gg ﬁ%F%e space froma liquid reservoir in contact with said
w cking structure. 15. A radiation source according to claim 14, wherein
the wi cking structure conprises structures |eaving spaces therebetween so
as to tr arigpor tAgadigian spureg asgordingpiol dlaimy1¢ oF Ebswhargin the faigRt SIS SBur ce

according, i d w cking structure conprises a regular
arrangenen%guﬁaﬂtgétant fs g&?@%drlcal structures.

13. A radiation source according to claim 10 or 11, wherein the target structure is

clectrically isolated from the anode.

14. A radiation source according to any one of the claims 1 to 13, wherein the surface
irradiated by said energy beam comprises a wicking structure configured to transport a
liquid towards said discharge space from a liquid reservoir in contact with said wicking

structure.

15. A radiation source according to claim 14, wherein the wicking structure
comprises structures leaving spaces therebetween so as to transport said liquid by

capillary forces.

16. A radiation source according to claim 15, wherein said wicking structure

comprises a regular arrangement of substantially cylindrical structures.

17. A radiation source according to claim 15, wherein said wicking structure

comprises a regular arrangement of substantially spherical structures.



17. A radiation source according to claim15, wherein said w cking
structure conprises a regular arrangenent of substantially spherical
structures. -27- 18. A radiation source according to any one of clains 14
to 17, wherein the radiation source further conprises a pressurizer to
exert a pressure upon the liquid wthipgyrthe w cking structure. 19. A
radi ati on source according to claim 18, wherein the pressurizer is
configured to exert the pressure in a pulsed fashion. 20. A radiation
sour ce acddr di rgraigtianpowneawbrditgiormy bae b claiys ithtor i, wheeimthk irafitpn
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wicking structure.

19. A radiation source according to claim !8, wherein the pressurizer is configured to

exert the pressure in a pulsed fashion.

20. A radiation source according to any one of claims 14 to 19, wherein said liquid
comprises an element selected from the group consisting of: xenon (Xe), tin (Sn), lithium
(Li), indium (In) and iridium (Ir).



