P-0359.010 - 1 Radi ation Source, Lithographic Apparatus, and Device

Manuf acturing Method. The present invention relates to a radiation source
unit conprising an anode and a cathode that are configured and arranged to
create a discharge in a substance in a space between said anode and

cat hode akd0358.G1Orm a plasma so as to gdnerate 5 el ectromagnetic radiation.
Further, the invention relates to a |ithographic projection apparatus
havi ng such a radiation source unit conprising: a radiation systemfor
supplying a projection beam of radiation; a support structure for
supporting patterning nmeans, the patterning neans serving to pattern the

proj ection beam accor di Rediafiod Sd6Rle] EfthBALRIY trate table for
hol di ng a substrate; and a project ieon Syst mf% ﬂ%ragljlszg?‘?ng t he patterned

beam onto a target portion ofDéviee Manbficharigy Meflod.€r m " patt er ni ng neans”
as here enpl oyed should be broadly interpreted as referring to neans that
can be used to endow an incom ng radiati on beam 15 with a patterned

cross-section, corr | to.a pattern that is to be created in a target
portion of the subs??é;?%?ér{%_ﬁréve 'é?’fﬁ%?qt?sgtﬁta TR SQUEG? WHIGYTHEISINGAR anqde hi s
context. &anetahode thaf & oortighrdRiniahaniid th R LR ] AuBRRIdGH LT
functional layer in a device being created 1n the target portion, such as
an i nt egr spaed betwecn said anodst dndrcathedé aed foferm helewha.soEs anpdmeat®f  such

patterning means include; 20 a mask, The concept of a mask is well known in
it hog§ apfrocroARenetic radeationeEurthesthe inygrtionsiglatesde abithngraphicprofectian i ng

phase- shi 2 .phase-shift, as well as various hybrid mask
types. Pl %ﬁggnégﬁ%%éﬁé%gﬁtagg%gg SOHTEHRCOBIPIF8Nn beam causes sel ecti ve
transm ssion §iddidtoa sgaem (6f supplyir S Ploseetide bdis k) raflatibRf | ection (in the
case of a reflective "~mask) of the radiation inpinging on the nask,

accordi ng to 2 heppodtstciurafor sippontigipatieming e, tha patterhing mddll serviig s uppor t
structure w Ilgjgene_rally be a mask table, which ensures that the nmask can

be hel d aPtyEEFrUgchBEheemAccoidinga ajdseisnd prifermadi at i on beam and that it
can bfy moved, @b\t ?orth%?digfggﬂbis{ratse? St red o P-0359.010 -2
a projection system for projecting the patterned beam onto a target portion of the
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 pattern will correspond to a particular functional layer in a dévice 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 mrror array. An exanple of such a device is a

mat ri x- addressabl e surface having a viscoelastic control |layer and a
reflective surface. The basic principle behind such an apparatus is that
(for exanple) addressed areas of the reflective surface reflect incident

i ght as @-0¥9adped |ight, whereas unaddgressed areas reflect incident |ight
as 5 undiffracted light. Using an appropriate filter, the said undiffracted
light can be filtered out of the reflected beam |eaving only the
diffracted light behind; in this manner, the beam becones patterned
according to the addressing pattern of the matrix-adressable surface. The
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of the IC, and this pattern can be inmaged onto a target portion
conpr i si nypmgeanunable nurrdl &xgy, tie saidsuppart stret(rs inlayderentbdivefas m)franfadr has

been coatge .th a layer. of radiation-sensitive material (resist). In
general, & 1‘%*‘“(5’?‘%‘“ fgL‘Cg/i“Pary d?ﬁegi(\‘ing’v\ﬁh'@laéreﬁlé‘trﬁﬂirq@dof adj acent target
portions that ' iaLr.adi ' oj ectian.syst.e one
e & time. e B THARAS O k. Wl BtnBlet sbisth LB RHEIIS by T LR, ek
table, a SiatsiPaghi US 209,470, Waith iORicvRRRhtddRerh bl 8&rthce tARABVE thérachi ne.

In one type of |ithographic projection apparatus, each target portion is
P- 035 018uppart 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 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

20  patterning means as hereabove set forth.

Lithographic projection apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). In such a case, the patierning 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 or more dies) on a substrate (silicon

25  watfer) 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 |
irradiated via the projection system, one at a time. In current 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



i rradi ated 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 - commonly referred to as a step-and-scan
apparatus - each target portion is irradiated by progressively scanning

t he mask é%ﬁﬁ@ﬂﬁounder the projection bédamin a given reference 5 direction
(the "scanning" direction) while synchronously scanning 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 which the substrate table is scanned wll be a factor Mtines
that at whirshated by sRsdsirgaht entirs neckpien oMorthe taRded poRionGA oké &t sutlegar d to

| i t hographi ¢ devices as here described can be gl eaned, for exanple, from 10
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substrate may undérgo various procedures, suth as primn resi st coating
and a Sof dirbaion. (thaf seannéng diractenn) while Fnchrheuslaseannig thesmtrjaectalﬂel to other
procedures, such as a post-exposure bake (PEB), developnent, a hard bake
and measuPerBakoTiantmeslichip his ctlmthnhﬁgvé@ lfl 6awiﬂle§w mpgl%rswatymowﬂl have a
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cheno- mechani cal polishing, etc., all intended to finish 20 off an
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or t eof, will have to he repeated for each new | ayer.
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various Pd6388pifidl, 2 Hard bake and measurement/inspection of the imaged features. This array of

procedures 1s used as a basis to pattern an individual layer of a device, e.g. an IC. Such a
patterned layer may then undergo various processes such as etching, ion-implantation
(doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish
20  off an individual layer. If several layers are required, then the whole procedure, or a variant
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
carrier, connected to pins, etc. Further information regarding such processes can be
25  obtained, for example, from the book "Microchip Fabrication: A Practical Guide to
Semiconductor Processing”, Third Edition, by Peter van Zant, McGraw Hill Publishing
Co., 1997, I[SBN 0-07-067250-4, incorporated herein by reference.
For the sake of simplicity, the projection system may hereinafter be referred

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 systens, for exanple. The radiation systemnay al so

i ncl ude conponents operating according to any of these design types for
directing, shaping or controlling the projection beam of radiation, and
such conmp®@OD1Gay al so be referred todoel ow, collectively or 5
singularly, as a "lens". Further, the |ithographi c apparatus nmay be of a
type having two or nore substrate tables (and/or two or nore mask tables).
In such "nmultiple stage” devices the additional tables may be used in
parallel, or preparatory steps may be carried out on one or nore tables
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20 nm i.e. part of the XUV range. A radiation source for XU radi ation may

be a &@scmungHgb@bwuﬂﬂ%ﬂwﬁrﬂmﬂ sour ce, |n which a plasma is generated by

a discharge in a subst i nst ance,, S or . vapo bet n anode
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proposed to use shorter wavelength radiation of around 13 nm. Such radiation is termed
extreme ultraviolet, also referred to as XUV or EUV, radiation. The abbreviation ‘XUV’
generally refers to the wavelength range from several tenths of nm to several tens of
nanometers, combining the soft x-ray and Vacuum UV range, whereas the term ‘EUV’ is
20  normally used in conjunction with lithography (EUVL) and refers to a radiation band from
approximately 5 to 20 nm, i.e. part of the XUV range.

A radiation source for XUV radiation may be a discharge plasma radiation
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

25  may be created by Ohmic heating by a (pulsed) current flowing through the plasma.
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 plasma on a
discharge axis (pinch effect). Stored electrical energy is directly transferred to the plasma

temperature and hence to short-wavelength radiation. A pinch may allow for a plasma



havi ng a consi derably higher tenperature and density on the discharge axis,
offering an extrenely |arge conversion efficiency of stored electrical
energy into thernmal plasma energy and thus into XUV radiation. The
construction and operation of plasna discharge devices, such as plasna
focus, Z- pr089,01001 | ow cat hode and capi-lsl-ary di scharge sources, 5 may vary,
but in each of these types a magnetic field generated by the electrical
current of the discharge drives the conpression. Figures 7A to 7E are

i ncluded as an exanple only to provide background information about the
construction and operation of such a discharge plasnma radiation source.
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an annular configuration around central axis A, and the walls of the cavity are a part of the
cathode 720. A discharge power supply (not shown) is connected to the anode 710 and
cathode 720 to provide for a pulsed voltage V across the anode-cathode gap inside the
discharge source LA. Further, a suitable gas or vapor is provided by a discharge material

20  supply (not shown) at a certain pressure p between the anode and cathode. Examples of
suitable substances are xenon, lithium, tin and indium.

A discharge may take place at low initial pressure (p < 0.5 Torr) and high
voltage (V < 10 kV) conditions, for which the electron mean free path is large compared to
the dimension of the anode-cathode gap, so that Townsend ionization is ineffective. Those

25  conditions are characterized by a large electrical field strength over gas 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 7A. The ionization growth is initially
dominated by events inside the hollow cathode 720 that operates at considerable lower

E/N, resulting in a smaller mean free path for the electrons. Electrons e from the hollow



cat hode 720, and derived fromthe gas or vapor within the cavity 722, are
I njected into the anode-cathode gap, a virtual anode being created with
ongoi ng ionization, which virtual anode propagates fromthe anode 710

towards the holl ow cat hode 720, bringing the full anode potential close to
t he cat ho®e)35810s shown in figure 7B by unevenly distributed 5
equi potential lines EP. The electric field inside the hollow cavity 722 of

the cathode 720 is now significantly enhanced. In the next phase, the

i oni zation continues, |leading to a rapid devel opnent of a region of

hi gh-density plasma inside the hollow cat hode 720, inmmedi ately behind the
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field strength H wthin the discharge source LA azi nmut magneti c
field causew signefiqgandy eehang&l.t o detach fromthe cylindrical wall 725 and to
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LA. The azimuthal magnetic field causes the plasma 735 to detach from the cylindrical
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wall 725 and to compress, as is schematically depicted in figure 7C.
Dynamic compression of the plasma will take place, as further depicted in
figure 7D, because the pressure of the azimuthal magnetic field is much larger than the
20  thermal plasma pressure: H2/8x >> nkT, in which n represents plasma particle density, k
the Boltzmann constant and T the absolute temperature of the plasma. Electrical energy
stored in a capacitor bank (part of the discharge power supply, which is not shown)
connected to the anode 710 and cathode 720 will most efficiently be converted into energy
of the kinetic implosion during the full time of the plasma compression. A homogeneously
25  filled constriction (plasma pinch) 745 with a high spatial stability is created. At the final
stage of plasma compression, i.e. plasma stagnation on the central, or discharge, axis A, the
kinetic energy of the plasma is fully converted into thermal energy of the plasma and
finally into electromagnetic radiation 740 having a very large contribution in the XUV and

EUV ranges (as depicted in figure 7E).



When using di scharge plasma sources, there is a danger that contam nation
originating in a radiation source such as particles, plasm and vapor, can
mgrate to a |lithographic projection apparatus. A generally acknow edged
solution is to enploy a grazing-incidence collector 880, as depicted in
cross-secPr@$%HO0figure 8, within a radi7ation 5 source unit as the primary
collection optic. The grazing-incidence collector 880 typically conprises
a plurality of simlarly-shaped shells 803, arranged substantially
concentric about an optical axis A Such a collector exhibits high
reflectivity (approximately 70 to 100 9% when the incident angle 801 of
the emtted radi ati Whel4RineHidchige pRSmalb@te? BRIOK I BhSMthat LD il%TQion
degrees. For the sake of clarity, only two of the substanti al Py cylindri cal
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surface (wick) 265 and a liquid 262 that saturates (wets) the wick 265. The sealed container

272 can be of any suitable material, for instance copper, aluminum, steel, nickel or
tungsten. The choice of liquid 262 is determined by its properties (low values of liquid and
vapor viscosity, high thermal conductivity, high latent heat of vaporization) and the

20 temperature range within which the heat pipe 270 will be used. For instance, in the range
1000 — 2000 °C, sodium, lithium or silver may be used. The wick 265 is typically made
from metal foams, metal felts, ceramics, carbon fibers, a sintered powder, one or more
screen meshes, grooving on the inside of the sealed container 272 or a combination of these
forms.

25 When the heat source 205 is applied to part of the closed heat pipe 270, the
liquid 262 in the wick 265 boils and forms a vapor 266. The vapor 266, which has a higher
pressure than the liquid 262, moves (268) to the opposite end where it is cooled by the
cooling device 275. The vapor condenses 267, giving up the latent heat of vaporization.

The liquid enters the wick 265 and capillary driving force returns the liquid 262 back to the
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area close to the heat source 205. The use of the wi ck 265 nakes the heat
pi pe 270 insensitive to gravitational effects, and thus it may be enpl oyed
in any orientation. GCenerally, a heat pipe is used where direct cooling of
an object is not feasible - the heat pipe transfers the heat to a nore
conveni entP-039A%0on, where cooling can kg performed. 5 It is generally
acknow edged that a nunber of inprovenents are required before EW
production by gas discharge plasma can be consi dered suitable (production-
wort hy) for |arge-scale production of devices, for instance integrated
circuits. These include: higher conversion efficiency. Current sources
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stabl e pul se, tim and energy. Faor use with a |ithographic projection
appar at us YOty fg‘§ %E%%caéﬁrﬁﬂﬁ%nﬁpé’g dewaces, for aptance intpargted gireuity. Pheseect i on.
This can pgrjyegatively influenced 20 by, for instance, variations in EW
pulse timng (jitter), variations in pinch position and size, and
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created may erode the el ectrodes, since they may be present on and/or
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el ectrode_jmy influence the triggering instant of the plasm and tgne timng

of the plhsEeRPveIerfusithehegtigom Paapiae wriypieally 1mnid86 andient ré@noval becomes
15 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
position if the geometry of the electrodes changes (deformation);
stable pulse timing and energy. For use with a lithographic projection apparatus, the
source should produce a stable output during projection. This can be negatively influenced
20 by, for instance, variations in EUV pulse timing (jitter), variations in pinch position and
size, and variations in EUV pulse energy;
reduction of electrode erosion. The plasma created may erode the electrodes, since
they may be present on and/or adjoining the axis on which the high-temperature, high-
density plasma is created. Such erosion limits the lifetime of the electrodes and increases
25 the amount of contamination present in the discharge space. Further, proper functioning of
the electrodes for triggering the plasma is dependent on several factors, including a
predetermined relationship between the geometry of the electrodes. Erosion or deformation

of either electrode may influence the triggering instant of the plasma and the timing of the

pulse of génerated EUYV radiation; and




low illumnation lifetinme caused by contam nation em ssion. Plasnma sources
emt substantial anpunts of contam nant nol ecul es, ions and other (fast)
particles. If such particles and nolecules are allowed to reach the

illum nation system they can damage the delicate reflectors and other

el ements Eri#B59d8e buil d-up of absorbin@d ayers on the 5 surfaces of

optical elenents. Such danage and built-up | ayers cause an undesirabl e | oss
of beamintensity, reducing the throughput of the Iithographic projection
apparatus. In addition, such layers can be difficult to renove or repair.
It is an object of the invention to provide a radiation source that
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radi ati on. 10 |t is another object of the invention to provide a radiation
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15 It is still another object of the invention to provide a radiation source that
causes a minimum amount of contamination of the adjoining lithographic projection
apparatus.

In one aspect of the present invention there is provided a radiation source
comprising an anode and a cathode that are configured and arranged to create a discharge in

20 asubstance in a discharge space between said anode and cathode and to form a plasma so
as to generate electromagnetic radiation, wherein a wicking surface area of walls defining
said discharge space is provided with a wicking function for transporting a liquid towards
said discharge space from a liquid reservoir in contact with said wicking surface area. The
liquid may comprise xenon, indium, lithium, tin or any suitable material. The wicking

25  surface (wick) provides a convenient means to supply the discharge area with liquid, and
the continuous presence of liquid at the discharge space improves the heat dissipation and
reduces erosion of the electrodes.

In another aspect of the invention, wherein a cooling surface area of walls

defining a discharge space of a radiation source is provided with a cooling function for




condensi ng vaporized liquid fromsaid di scharge space so as to transfer
heat from said discharge space to said cooling surface. To inprove heat

di ssipation, a fluid circulation systemis created within the source
volume and the wick by using a fluid in both its vapor and liquid states.
This flui ®0¥P.0 may not be the sane a$0the substance in which the 5

di scharge is created. Heat is transported from said di scharge space to the
peri phery by evaporation of said fluid at said discharge space and
condensation of said fluid at said periphery adjacent to a cooling

el ement. The said radiation source may conpri se an energetic beam for
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radi at i on PEBRRERAYEED ﬁ%h“’ g261°"€84Fd  receptacl e being directed to said
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source. Said receptacle prevents contam nation fromentering gr aphi c
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cooling the receptacle. In a further aspect, there is provided a radiation
sour c&Y cofpitrdlingthe amonnbefevapaneresent i the dischaige snace 2ad e aldaw the sertrede r anged

to create | SC: | bstance .in a 25 discharge space between said
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t hrough which said el ectronagnetic radiation is emtted, wherein said

aperture efmmmcges a plurality of electrically-conductive structures

arranged so as to leave said aperture substantially open to said radiation
but to substanti al | {7 ¥R 28pee %Ft%?%%ﬂ}?&ﬁ%%lﬁ%ﬁ!afﬁmaéwp-se@sgu@io -

I 15  comprising: a radiation source provided with 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 cathode and to form a plasma so as to generate electromagnetic radiation; and a hollow
receptacle arranged on an optical axis of said radiation source, an open end of said
receptacle being directed to said radiation source for capturing contamination emitted from

20  said radiation source. Said receptacle prevents contamination from entering a lithographic
projection apparatus by capturing it, which may be further enhanced by cooling the
receptacle.

In a further 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

25  discharge space between said anode and cathode and to form a plasma so as to generate
electromagnetic radiation; an aperture being provided in one of said anode and cathode
through which said electromagnetic radiation is emitted, wherein said aperture comprises a
plurality of electrically-conductive structures arranged so as to leave said aperture

substantially open to said radiation but to substantially close said aperture electrically. This




reduces the inductance of the system thus increasing the conversion
energy. Additionally, the smaller electrical aperture increases the
stability of the pinch position, reducing variation in the pulse-to-pul se
energy. In a still further aspect, there is provided a radiation source
conpri si n@-@399D18node and a cat hode thatlare configured and arranged to
create a discharge in a substance in a discharge space between said anode
and cathode and to forma plasm so as to generate el ectromagnetic

radi ati on, wherein said radiation source conprises at |east one closed heat
pi pe to cool the discharge space. Enploying a closed heat pipe sinplifies
source co ' | | ' OX(| :di.gchar ge
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heated in the_dLscharqe region, both of which result in inproved

conver si ofaRatiandn dhecpulseAlocIte Gi§I8o yet a farther aspect of the present

i nvention there is provi,ded.a |ithoaraphic.pr,0jectjon apparatus.
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source or Lali | i |.ng to yet
anot her aggﬁgéggpqpﬁgggﬁgéﬁ#gg%E@ﬁ%&ﬁﬁgéc%ﬁ%&%%géﬁ%Sé@&ﬁ%%ggﬁggufacturing
net hod cogpiisusicién, 2he aBdwPsmalier Aimisthnd ProximbieFhe dikchatddabgioh batause it
partially covered by a layer of radiation-sensitive material; providing a
proj et®i onodlingmlerhentyeayi movedrio gk pegipheny adithat sourcedyss tSemalleo dipnansiong ngans
radi ation,source or radi ation soyrce unit_ as. described, above; .using .

pat t or ni ndFoRuniEiapes aRkes RIFEAIPde SEHER I WE Sisehaenrogiqn ot Hhich ey

cross-sec?h?ﬁwe@ ShRED) 1k%gc.he patterned beam of radiation onto a target
portion o e ayer of radiation-sensitive material. Although specific

reference may be nmadecondidghtb get efiitthtoaspie ofige ppéschiiaverajopahat ispracided di ng
to the invention in the manufacture of 1Cs, it should be explicitly

under st oodithdgsaphia eraiesHomgrarates eonuisinga a yadinticasygemdphprevisivid ¢ p@idcsns. For
exar’rpllg ' lb%anﬁ) o ?’521?&9)%921 -s&'pzport 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; and a projection system for projecting the patterned beam

onto a target portion of the substrate, wherein said radiation system comprises a radiation

source or radiation source unit as described above.

20 According to yet another 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 material; providing a projection beam of
radiation using a radiation system comprising a radiation source or radiation source unit as
described above; using patterning means to endow the projection beam with a pattern in its

25  cross-section; and projecting the patterned beam of radiation onto a target portion of the
layer of 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 enpl oyed in the manufacture of integrated optical systens, guidance
and detection patterns for nmagnetic domain nenories, |iquid-crystal

di splay panels, thin-filmmagnetic heads, etc. The skilled artisan will
appreciate that, in the context of such aI ternative applications, any use
of the teh®35%M0 cle”, "wafer” or "diel2in this text should be 5

consi dered as bei ng repl aced by the nore general ternms "mask", "substrate"
and "target portion", respectively. In the present docunent, the terns
"radi ati on"” and "beant are used to enconpass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. wth a wavel ength of

365, 248, nifde ehiployed i e magufanareeX inteditet bpticai ¥ystdred, olidue aHd deakdtiahi on
(e.g. hawpmg a wavel ength in the range 5-20 nm . Enbodi nents of the
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according to the invention; figures 2A to 2B depict a radiation source unit
conpri §i ngossideyedas bedag replapead by the share géncodl taasditdhisky "$ubstrite” and/@axigeon,

where figure 2A shows the central portion of figure 2A; figures 3Ato 3C
depi ct anPSfisge rﬁ%ﬁ?&?ﬁﬁ)‘rg to the |nvent|on wher e figures 3B and 20 3C

depict two enbodi ne tQ, 4C depi ct an
anode according to gﬁn CS% n‘fﬁ)%'é%ggt ?WSBE‘{?} %?Bseﬁt Jures 4B
and 4C deph&dm d;ﬁars9§1$tﬁ)@§bm&§x&1a§naﬁhdraﬁ}a@oﬁ Qﬁae&ihg\ﬁ&}awmléﬂ(@tuf)%l%&@ 2C
depict an ano according to yet another embodi mént of i nventi on,

wher e fi gwvithss E@velengtibet ft@p%& 1@601;557 gded mu‘r)smEeﬂranduﬁaFvwles@ﬂW) vely; 25

figur cl uded as .an exa , |cts t basi c el enents and operation
of a E?osé%fpatﬁ@a@gp Jang § vy ra,n@e |£%‘I‘Iﬂbed as an exanple, depict a

i schargo o 3&32%&3&@9@& gy HE SRR S TRRRORE, 7,
of a P- 03oflyQhh-reftd:nce to the accompanylng schematic drawings, in which corresponding
reference symbols indicate corresponding parts, and in which:
figure 1 depicts a lithographic projection apparatus comprising a radiation source unit
15  according to the invention;
figures 2A to 2B depict a radiation source unit comprising an open heat pipe
construction according to the invention, where figure 2A shows the central portion of
figure 2A;
figures 3A to 3C depict an anode according to the invention, where figures 3B and
20  3C depict two embodiments of cross-section B-B;
figures 4A to 4C depict an anode according to another embodiment of the invention,
where figures 4B and 4C depict cross-sections C-C and D-D respectively;
figures 5A to 5C depict an anode according to yet another embodiment of the
invention, where figures 5B and 5C depict cross-sections E-E and F-F respectively;
25 figure 6, included as an example, depicts the basic elements and operation of a closed
heat pipe;
figures 7A to 7E, included as an example, depict a discharge of the hollow-cathode
type at various stages of discharge; and

figure 8, included as an example, depicts the basic elements and operation of a




grazing-incidence collector. The skilled artisan will appreciate that the
elenments in the figures are illustrated for sinplicity and clarity and
have not necessarily been drawn to scale. For instance, the dinensions of
sone of the elenments in the figures nay be exaggerated relative 5 to other
el ement s tPeOIAPO0i nprove the understandilhg of the enbodi ments of the
present invention. Figure 1 schematically depicts a |lithographic

proj ection apparatus according to a particular enbodi mrent of the

i nvention. The apparatus conprises: a radiation systemLA IL, for
supplying a projection beam PB of radiation, for 10 instance, EUV having a

wavel engt Rrizing-imeideadtg®llectd nm In this particular case, the radiation
system al so conprises a radiation source LA, a first object table (mask
tabl e) M provi ded vihe skifledragisamwillieppréaate Holt thersleraemminkthe fpueeay. a

ticle), . t to first Ltioni PM f |
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toitemPL; a projection system ("lens") PL for inmaging an irradiated
portion ofREOMAsk MA onto a target portion C (e.g. conprising one or

nore dies) of the sybstrate W .2 her e .depi cted, .the apparatus is. of a
reflective type (i. ¢ .‘%%ES@“’P@PFQMA&?%\?&% %&'ﬁ?ﬁa?&ﬁ\%?)‘é&fonian%fﬁéﬁ’éraﬁ?o,ra‘ing may
al so be of, gphhRIRAESBbNMehYMhe fREnGRTRE sgﬁamtﬁéﬂc_(ﬁndpﬁsgénsm ssive mask).
Al ternatively, the apparatus may enpl oy another kind of patterning neans,
such as a progratatidi systenr LAy [Laforayppifing atpr@ectam beainel b efiradintiahofoe .
Referring to figure 1, a discharge plasma source LA typically produces a
25 bedbh ofinstage.AY Y haxinga wavglengtrin i rapge 3-38 nmy Inthis prstiewancasti thd t h t he

oper ati on_of. e |t | lection apparatus. This beamis fed into
an illum rrlée)l 1&|1t%0.215. §4§{ne4r?rl$(9{°?l?@§% %g%éaﬁ OHISE‘,HC%ﬁ er directly or after having
traversed condiffritQibjdedtabRAAfask tBle) MB bae® dawitlSP BaLE BbldEd ﬂﬁir Ré1dink¥mask

illumnator IL may conprise adjusting neans for setting the outer and/or
i nner radiMA (egt ereticled.ondwonhnectedfte first gositiorng Greanst BVl fanakcBratelp ositioning
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15 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
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
onto a target portion C (e.g. comprising one or more dies) of the substrate W.

20 As here depicted, the apparatus is of a reflective type (i.e. has a reflective
mask). However, in general, it may also be of a transmissive type, for example (with a
transmissive mask). Alternatively, the apparatus may employ another kind of patterning
means, such as a programmable mirror array of a type as referred to above.

Referring to figure 1, a discharge plasma source LA typically produces a

25  beam of radiation as a train of pulses that are synchronized with the operation of the
lithographic projection apparatus. This beam is fed into an illumination system
(illuminator) IL, either directly or after having traversed conditioning means, for instance a
spectral filter. The illuminator II. may comprise adjusting means for setting the outer and/or

inner radial extent (commonly referred to as g-outer and o-inner, respectively) of the



intensity distribution in the beam In addition, it wll generally conprise
various other conponents, such as an integrator and a condenser. In this
way, the beam PB inpinging on the nask MA has a desired uniformty and
intensity distribution in its cross-section. It should be noted with regard
to Fi gur e Pt03394110t he source LA may be wil#hin 5 the housing of the

| it hographic projection apparatus, but that it may al so be renote fromthe
| i t hographi c projection apparatus, the radi ati on beam which it produces
being led into the apparatus with the aid of suitable optical conponents,
for instance, directing mrrors. The «current invention and clains

enconpass iiehdityQfistiibese iseeedhai0 $n aﬂ?@o@@t&ﬁﬂ&}%ﬁn@ﬂdh? @&ﬁgﬂaﬁé variofi 8ihgept s the
mask MA, which is held on a 10 nmask table . Havi ng been selectively

ref | ect ed chypeRRtyrgudh avan intggratig and PRopdewsersin thismeaygthetbieam| RBh inihginglonc h
focuses the be ontp a target.portion C of the suybstrate W, Wth the
ai d of th&%’@@%ﬁ&éﬁ? ‘(’,)mEPé'ﬁ’Hg aPé\I’{t%ﬂ?Hy ﬁ}ﬁrg?‘\“@%‘?rgf FHO8SFRCH8Br i ng neans
| F), the substrate § ?‘féi i poasi tion
different target poﬁakglgé%éﬁ?égmrggglﬁﬂoo t%g&@?ﬁ%yegﬂnﬁg%&l e
first posithd lanising ofelenistheidaplio phgectionuppatatg tae tat Anely)aljds reindte fréia thask

MA with respect to the path of the beam PB, e. g_. after nmechani cal
retrieval lighographicpielectipn ppRsFAtEs, Hesrdintion beam whichdiprpdires beinaded intp hener al |

f ' ; I WL will b lized with.the. ai d.of
ot b ST Do) el SERSARL M o
POSI t i ONi B@renti oA h&d Bialms &¥Bhp&istHoth S8Rk sEchatiBs Fi gure 1. However, in

the case of a wafer stepper (as opposed to a 20 step-and-scan apparat us)
the mask tabl e MI ndhe pemt PBssubsgnenttysidter@ps thdiomsk StA,0kech mdieldaéroa, or may

be fixed. Th | [ b d i di ff des: 1. |

ot ep Node MR- FNITE W FUCaEan TBIEHRL P sk A i PyAm BRPaRFFSent | 1 0
p ibde/mehERSK TaBTE redednt v sk M dfinpgam |

por i on Caiphh SRR bt RPRePhelpnlf P1F ol Mot iR Clog Y AR S0

di r ect i onsvis®tlchad ofrhdisédoad @Bﬁitibﬁh? BtcaRPPW @hd (at&fitombRiciéaaaid #daddy t he
beam PB; 2. In scan node, essentially the sanme scenario applies, except

that a gi Venthesubgratptable Wi cat be saved aesupaelye. & .rsozs $¢ peglitgort diffest targatst ead,
(e sk LahLes S, ERXAPLE L upl e SLLSELl 0 (0 sescalved teoan
15 15  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
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
20  step-and-scan apparatus) the mask table MT may just be connected to a short stroke
actuator, or may be fixed.
The depicted apparatus can be used in two different modes:
1.  Instep mode, the mask table MT is kept essentially stationary, and an entire mask
image is projected in one go (i.e. a single “flash™) onto a target portion C. The substrate
25  table WT is then shifted in the x and/or y directions so that a different target portion C can
be irradiated by the beam PB;
2. Inscan 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 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 115). In this manner, a relatively large target
portion CPe@b9HO0exposed, without havi ng5to conpromise on 5 resolution. A
radi ati on source unit according to the invention is depicted in figure 2A
and 2B. A radiation source LA conprises a nunmber of substantially
concentric structures, arranged about a central axis A A substantially
cylindrical cathode 20, surrounded by a substantially cylindrical anode
10, is sepasjadtim Hea@rPB Ri dusdad ecahQveya ﬁﬂslanngka,aosodcﬁ@éﬁtygﬂlelsﬂbﬁﬁbte thBR

hol | ow-cat hode 20 is provided with a cavity 22 and an aperture 21, such

t hat the Ybus veultanesyelyanevsdiimths ssingior appasity directionat @ xpeed \e=ddpi iotvddch n

figures 7A to, 7E angd. descrjbed rein. Plasm di . occurs mainly in a
di schar ge M fibe magy }CBQ?‘}&I{%F&HSEE‘S(B’(P%C@HY t%&ﬁrig{g%gﬁlsm%aan anode
aperture i %r}tdtr ' r ly Ng: : ' asma pinch
formati on}%fl%ﬂ.lvrﬁlﬁlatg e ﬁ%%‘ﬁ{?ﬁ%ﬁ?@%ﬁﬁw ?’pﬁﬁt%d%?lhgalﬁ%teoﬂrﬁ 8Ir%esae?)l e the pl asma
for opgratwésatntiohe source LA, and lithium plasma can be found in a plasma

region that substantially conprises the whole internal volunme of the
radi ati on source LAA IpHiatign selace gnibgrgoringiodbe pyeatian is depirgdiefigeamdA

arranged su that ,the isolator 30 is disposed.at s di stance fromthe
ol arm r egtoAB" ApdhlifsoiREuA St misRRRL e LB eene Y S Fon

cool i ng ebgaR aBPul N&huaCAGEAS RSubdthfial i YRRRIcal RERMERDSsERRhAGT b)be?t ween
the lithiumand the 1solator 30 and thus’ prevents possi ble corrosi‘on of the
i sol at or 3Gbstaktialy dylinglrical anode 1 ®\iesdpamated frdre ssiduncde 100bWad dranudarfisodaton

typi cal plasne . dj scharge source.in that thezalasna region_ is extended by

el onga?i ngUt Hee hpalavscathodal ig prryddedovitina gaaly 22rashan aReTRire dhasugh thag gheon.

Thi s el on ' 3 Y o) structure
osentl | ndEEL R A0S Ch AR AR Pl A A RO M 0T ¢
11 at thedesmibed h&kit he "di sh", and an anode cooling el enment 55 along the
rimof the "dish". Lithiumis found in different forns at different

| ocations within th&lasmardtsshige36@romainlylid a discharge space, approximately

disposed between cathode 20 and an anode aperture 11 in a central region surrounding the

_ site of plasma pinch formation 45. In the embodiment shown, lithium is used to create the
plasma for operating the source LA, and lithium plasma can be found in a plasma region
that substantially comprises the whole internal volume of the radiation source LA.

The anode 10 and cathode 20 are configured and arranged such that the
isolator 30 is disposed at some distance from the plasma region. This distance, combined
with an isolator protection cooling element 50 that condenses lithium vapor, prevents
contact between the lithium and the isolator 30 and thus prevents possible corrosion of the
isolator 30.

According to the invention, the source LA differs from a typical plasma
discharge source in that the plasma region is extended by elongating the walls of the anode
10 away from the discharge region. This elongated extension space creates an anode 10
with a hollow structure resembling one half of a thick-rimmed Petri dish, with an anode
aperture 11 at the center of the "dish", and an anode cooling element 55 along the rim of
the "dish".

Lithium is found in different forms at different locations within the source




LA: liquid lithium62 in a reservoir 60 conprising a heating elenent 64 to
keep the Ilithiumliquefied; lithiumgas, vapor and or plasnma throughout
the plasma region; and 5 liquid lithium62 in a w cking surface (w ck) 65
(as shown in figure 2B). Parts of the walls of the cathode 20 and anode 10
are equi pFe@Bale wi ck 65, which is satlibated (wetted) with liquid I'ithium
62 during operation of the source LA To prevent |ithium droplet

formation, the surface structure of the wick 65 has a roughness Ra of |ess
than 100 mcron. 10 As shown in figure 2A, the radiation source unit
conprises cooling elenments, which may be, for instance, cooling |lines or
any ot her Isyitable neans: a hollow trap cooler 92 for cooling the holl ow
trap 90, configured and arranged to create a cooling surface inside the
hol | ow trap 9(1.1quldHéhJalnbéllelncﬂ)@B@W01550 tompuging & heptingelamad 64 1®keepahé i gur ed
and arrang, e a 15 cooling surface at the end of the el ongated
ext ensi on gm 1est fromthe discharge space; a cathode cooler 75 for

cool i ng one ey glgﬁé&ggiﬁbﬁﬁﬁﬁ%qﬁ?hwﬂhﬁﬁ &Rﬂﬂ&ﬁﬁ ag%nqﬂ%’ arranged to

cool the tip o osest o t he ge’ space. The cl osed

heat §i pe 70lJigaidrithiaim 6Dint heickiogrpHeca@néltesdad ihof“h'gﬂ figufe 2B Paeseftheed
herein, enploys a 20 w ckin f surface (W ck) 165, saturated with a liquid
162, to t W@Hépét’hcweﬁpdqﬁ 20 and areodeilf aet equipped ovitthivk 630whishas sasgatsd pr oxi mat e

th th 165 d.| d 162 he ed heat
e o eGSRl iR, A e Suring abitior dhEsainds 1l T Bsvénfifiim o P P°
i sol at or @f&ﬂ&%ﬁﬁ%xoﬁ%’e%ﬁrf&@shﬁ@tﬂfé SYREGi A 135 13 }&ﬁﬂ@gsﬁh& ¢@p! 1 ng

surface on the walls of the cathode 20 and anode 1 us to condense
any vapor nbefoare it can 25 reach the isolator 30. As deplcted in figure 2B
and figures 5A to 5C, Lhe anQde 10 is provided wth two substantially
symetYical apert ur és s %@F@ﬁ‘ Hsapdiatien sourqerpd RomBRlsELePoliagi t t ed

radi ation S ggﬁ §qg= | ect erture 12 used to
control tﬁgiﬁﬁ%éﬁ' on e p Ei 8ﬁﬁ§hgé %YS ﬁ%&ﬁhﬁ%ﬁ% a 6Ian vi ew of
t he anode apegthdlewldpadoler 92 for cooling the hollow trap 90, configured and arranged to

create a cooling surface inside the hollow trap 90;
the anode cooler 55 for cooling the anode 10, configured and arranged to create a
15  cooling surface at the end of the elongated extension space furthest from the discharge
space;
a cathode cooler 75 for cooling one end of the closed heat pipe 70, configured and
arranged to cool the tip of the cathode 20 closest to the discharge space. The closed heat
pipe 70, similar to the example depicted in figure 6 and described herein, employs a
20 wicking surface (wick) 165, saturated with a liquid 162, to transfer heat from the tip of the
cathode 20 to a region proximate the cathode cooler 75. The wick 165 and liquid 162 in the
closed heat pipe 70 may or may not be the same as the wick 65 and liquid 62; and
the isolator protection cooler 50, configured and arranged to create a cooling surface
on the walls of the cathode 20 and anode 10, and thus to condense any vapor before it can
25  reach the isolator 30.
As depicted in figure 2B and figures 5A to 5C, the anode 10 is provided
with two substantially symmetrical apertures, an emission aperture 11 through which
emitted radiation is passed, and a smaller diameter electrical aperture 12 used to control the

position of the plasma pinch. Figure 5A shows a plan view of the anode aperture 11 as



-0359. 010 -17 viewed by the cathode 20, and figures 5B and 5C show cross
sections E-E and F-F respectively through the plan view. The anode 10 is
provided with a plurality of protrusions 14 that create the electrical
aperture 12, which is smaller in dianeter than the em ssion aperture 11,
and wher e Pe@EY9-Plot rusi on 14 is provided7with a cooling channel 18.

Radi ation 5 40 will | eave the discharge space through the em ssion aperture
11, which conprises the electrical aperture 12 and the gaps 13 between the
protrusions 14. Figures 5A to 5C depict eight protrusions 14, but it wll
be appreciated that any suitable nunber, size and shape are possible. In

addi ti on, vidvexdebyahe cathode 2 ard figass fBiahd SCekoverss Saft@naB-Eh@CEIH cal
aperture that is smaller in diameter than the em ssion 10 aperture, for

i nst ance: T¢SPeRibely trough thpplam gigvn dhe anedsri@ie provided vwith a plaradity of pregrusiays be

| d. (ki 3 | i ew. of. . SSI t 11, [ d
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view. The a@@airgn1 B Wiker tdchhREr@RId 1M & $ebviddd ﬁ@@%@éfdlﬂ% dA ee;P\ivs.VMﬁai&“d

passi ng a cooling nediumthrough them changing the 15 nu si ze and

shape bf #hevillileays theedipdhayderspace thrnugh ther dncibsiowapdrtugy 1 1 widéh eomprisesifeoyi ng

a grid of f)ar,al | el wires intersecting at a non-perpendicular angle with a
second sefisiricalanegirel? andithe gas léth?gw%?@r%‘? pratuganol4.t hese neasures; Figure
3C shows an alter natF'i

S Jop.B-B.of.th | an view in which.the
grid wres are ext er%]g%f,csr‘gﬁods éf g?‘%‘f‘teeégh S\Ré(i;n’fslrog%??%eﬁér}evﬁ#lﬁoﬁl apggﬁc’sateﬁg]thghch
that the ghy cuitBR du@itiEe, size 24d shfpelirt pORibld. Oh hddifig thQ@¥ afeQRithRnt filter.
As disclosed in U S. Pat. No. 6,359,969, the "foil trap" enhances the

abi | i ty ofbossibilidésatvicosatesangledricalapertue thapisismellenintdbarnetert them thepmavson i ng i t
enterilﬁg t he Ii?o%ré%ghi_c proj ection apparatus; and figures 4A to 4C show
how a'Yar Y ™Hf-dRE & ssion aperture 11 may be created by creating

substantiallyg wggg rd. G ans, | ] . g@ i cal
aperture 25 113 igutﬁ)eﬁﬂ\ﬂshomvégf%@u%ﬁgeo%@g&%lgésﬂﬁ%p]}eg% |g%/f/fgﬁséd\5igev\ed
by a cat hodesholvs gylasviéB of an dmidsichlipertare 43 Sis SRGed Y% GtHodanthdPiddre 3B
respectively of the plan view. Cooling is provided using cooling channels

18 in t heskawsuiae msssentivndhBribrosh thelanvieablhe design may beruthanentinyized
passed. A DOHRGBR, B A0 LSS S bh o, BRBLS o0 11
15 number, size and shape of the wires, employing a concentric/radial grid pattern, employing
a grid of parallel wires intersecting at a non-perpendicular angle with a second set of
parallel wires or some combination of these measures;
Figure 3C shows an alternative cross-section B-B of the plan view in which the grid
wires are extended, and rotated away from the central axis A, such that the grid 100 forms a
20 so-called "foil trap" or contaminant filter. As disclosed in U.S. Pat. No. 6,359,969, the "foil
trap” enhances the ability of a radiation source unit to capture contamination, preventing it
entering the lithographic projection apparatus; and
figures 4A to 4C show how a larger diameter emission aperture 11 may be created by
creating substantially symmetrical gaps 13 in the anode 10 close to an electrical aperture
25  12. Figure 4A shows the anode aperture in plan view as viewed by a cathode, figures 4B
and 4C show cross-sections C-C and D-D respectively of the plan view. Cooling is
provided using cooling channels 18 in the anode 10, through which any suitable cooling

medium may be passed. Although only eight gaps are depicted, it will be appreciated that

any suitable number, size and shape may be employed.




P- 0359. 010 - 18 As shown in figure 2A, electromagnetic radiation 40 from
the discharge space is emtted through the em ssion aperture 11 along a
central axis A and directed to a |ithographic projection apparatus al ong
an optical axis of the source LA using a grazing- incidence collector 80.

In the enBolA3PEHO shown, the optical axé&-of both the source LA 5 and the
col l ector 80 coincide mnth the central axis A Although only one coll ector
shell is shown, the grazing incidence collector 80 typically conprises
several concentric shells simlar in construction and operation to the
exanpl e depicted in figure 8 and described herein. A hollow trap 90

conpri ses a subst antAsahbwn Gy figurd 2IAC alectraraggrictic kadiatisint40 fesie theldlsehagkeopen and
one end cl osed, disposed substantially symetrical about the optical axis
in the ceﬁmcsus pragied thrgpgh the egn%sm\@erth@. ldearker@ a:@ﬂnltrebmr Agand dirgstddrinay
surface o a and_por.o he. capt ur.e surface
area, andfll %’tcli“ IS gtl?rh%p% %o‘%)&??g P t{?gls P& +olghe f?ﬁlr‘é%héﬁlé]é‘g@a%flﬂf'% A

di schar ge jReu&ike wmtdf s@ NRithé Bﬁ}ﬁ@&mieﬁt SRMACHe Pt aRBOS oD R Aode 15
20 to provide for a pul sed voltage V across the anode-voltage gap inside

t he rafli abhdthe wlectord) doinditkewithdicatental aducalthdughamlyems ailectot shefliigur es
2A to 2B) hs brought, intg,a state where it is about to forma discharge

pl asma and %W%db%éf&a’é‘ﬂtm%‘ii%ﬁﬁ‘)l!ﬂc% ﬁﬂdﬂrlﬁél%@oww%r@h%@cmtm Fli*F‘élSof t he

Cr ot od udrieShchshbk et @Rtion 10k ARG BER T WRRRTS anfliogay

['ithi um 6Reln.a terrperat ure close to its boiling point. Three nechani sns
determ ne the pressure and flow of |ithiumvapor inside the source: vapor
formation over the \Mmlbwemﬁ A eomyfriseha substintiaBy cybindvieal regeptaals, Withrope

IR G I R A R e eI
cat hode 20he ééﬁﬂerrggi%B@me%gaﬁ SHeGiehe &ﬁﬁectla?ggr gﬁertsn&aée cﬁ‘ﬂaéej n@ag jsum 62

in the reservolr |ng e enent vapor con i On 67

by the coobghsand@osnd t@ﬁlaxinfuzé He capreedirfac aren, a(ﬁfi cbollel ubify Ve lomstrap
sufficient, the cycling of the
cooler 92 to enhance capture.

A discharge power supply (not shown}) is connected to anode 10 and cathode
15 20 to provide for a pulsed voltage V across the anode-voltage gap inside the radiation
source LA.
The radiation source LA (as depicted in figures 2A to 2B) is brought into a
state where it is about to form a discharge plasma and a subsequent plasma pinch using a
steady state filling of the plasma region with lithium vapor. This steady-state vapor flow is
20  created using heating element 64 in the reservoir 60 to create liquid lithium 62 ata
temperature close to its boiling point. Three mechanisms determine the pressure and flow
of lithium vapor inside the source:
vapor formation over the whole surface of the wick 65. Driven by capillary driving
force, the liquid lithium 62 flows through the wick 65 such that it is continuously present
25  on the surfaces of the anode 10 and the cathode 20;
vapor formation 66 due to the heating of the liquid lithium 62 in the reservoir 60 by
the heating element 64; and
vapor condensation 67 by the coolers 50 and 55.

If the concentration of lithium vapor is sufficient, the cycling of the




P- 0359. 010 - 19 discharge power supply (not shown) triggers the discharge
and the formation of a plasma pinch 45, resulting in a pulse of radiation
40 out of the em ssion aperture 11. The radiation 40 is directed via the
grazing-incidence collector 80 into the |lithographic projection apparatus.
As shown PAOXOdOe 2B, additional 1ithiil9n vapor 266 forns in the discharge
5 space due the increased evaporation of liquid lithiumin the wick 65 by
the heat of the discharge. As shown in figure 2A, 1ithiumvapor condenses
67 at a distance fromthe discharge space using the anode cool er 55 and
the isolator protection cooler 50. This liquid is drawn either into the

Wi ck 65, @ischdrg¥bbiver dupplydaushbwhpirichérs HRSEENAde 288 thelrniior O flhgi and
timng of the pinch are influenced by the dinmensions of the electrical

aperture pinchis, iesulong oud pulsclofitadiatiom#? aut dfithé emiskien ppature bh Te mdiatipn nch
45 is approxi.mately 1110 the. di ameter, of e electrical .aperture 12 (as
depi ct ed ﬁﬁ i3 dliggeied % e grizing-incidencs clleaior 8RR Hito the lﬁﬁ%w@% BISVEHOp by

pi e i | ot
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the ragli at-,%aaee d8e teGRcredsed el gporRioAR 107l 1aKRnAinGho s @k d¥RL thBhea of@he Whi Ch i's
substantially identical to the exanple depicted in figure 6 and descri bed

herein, tdisthaigsfer heat away fromthe cathode 20 to the periphery of the
system the radiatiqgn source. LA (figure 2A) alsp co i ses a heat pipe
configuration that 3@5 oW HhHigwe ﬁegt'ﬁﬁg ‘Héﬁ?g S?ég%at WF?ﬂhﬁ“Bﬁé anode
10, the caglbpd t G080 codld B | 4.l | ] . .anode
cool er 55.SAs %?é%?% Pﬁ%ﬂ#ﬁn?va%giégggggé%é%@h#ﬂghﬂg%?ﬁép$ﬁ¥%@nﬂ?%gﬁggge,

t he novenmisdraeh eithe in@pbe widkasts beit il dlatv dosvayinta heréshprothi &char ge space to

t he periphery of the systemin a simlar way to the exanple depicted in
figurédde and descr ilBeHofdoeant timmewf Hivapjaeh &n influences) bysthe digagnsiana of the t he

OPE heat RLR.SLUEL B LR, B Y n SIS Pl WRATSLST ©
Thanster, Mpsoestany MM s ap gt it auld B2l Bty | o
sui t abl e ewteuhe inproughertt fve pmolo ktabiditcinarededisg fifg.electrical aperture 12 without
changing the emission aperture 11,
15 The discharge space is cooled by a number of different mechanisms:
the radiation source LA (figure 2B) employs a closed heat pipe 70, which is
substantially identical to the example depicted in figure 6 and described herein, to transfer
heat away from the cathode 20 to the periphery of the system;
the radiation source LA (figure 2A) also comprises a heat pipe configuration that is
20  not sealed (open heat pipe), comprising the anode 10, the cathode 20, the wick 65, liquid
lithium in the wick and the anode cooler 55. As liquid lithium vaporizes 266 by the heat of
the discharge, the movement of the vapor transfers heat away from the discharge space to
the periphery of the system in a similar way to the example depicted in figure 6 and
described herein;
25 propagation of a plasma wave inside the open heat pipe structure provides a further
channel for heat transfer to the periphery. This method of heat transfer is called the Plasma
Heat Transfer Mechanism (PHTM); and
as depicted in figures SA to 5C, the tips of the protrusions 14 closest to the discharge

space are cooled by passing a suitable medium through the cooling channels 18.



P- 0359. 010 -20 Evaporation of liquid [ithium 266 fromthe wi ck 65 (figures
2A to 2B) provides not only a neans of dissipating heat, but it also
protects the el ectrodes, the anode 10 and the cathode 20, from erosion.
Mass |imted evaporation of lithiumfromthe electrode surface induces a
thin IithiP0850i016 over the el ectrodes, -2@duci ng contam nation 95 5 which
may pass fromthe source LA to the optics of the |ithographic projection
apparatus. Although m ninm zed by the invention, source operation may cause
a flow of contam nation 95 fromthe discharge space. The contam nati on,

for instance, lithiumvapor, lithiumplasm or eroded materials fromthe

el ectrode surfaces, Eapord@sPEIEiquy lidirh 286 frofil BERREK §3{iduRss oWy eam of

t he EUV source. According to the invention, a large 10 proportion ‘of the
cont ani naprondedFoeonlgagneans ohdissipatingriept, B0t it alse pwtécts ths etecapiesdthe sihode a
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i nstance, ‘a sphere, cone, or parabola, so |'ong as | oes - not Intertere

with the emiddmby padifRin &R sdGrcdBaSlonBe MRS of IR lﬁhﬁ%ﬁfﬂﬂc plojdchiBn apparatus.
grazi ng-incidence 15 collector 80. Typically, the hollowtrap 90 will have

a substantially si mAlthpugthmpdmizedtbydhe waentionl sained ¢peeftioningay cause a flow of

grazing-inci dence caollectgor 80, Al ternatively, .disposing an el ectron-beam
gener at or “CYaRYRHion Ha f@%ﬁvﬁaﬁ?hﬂseamcrae escoaywafftms ?qré%éancss lftﬁ@naVMar ge

space nmay ;:Bf; 'pqlfsn?a &ee&creg g@ﬂgﬂflﬁfroﬁfth«g Ql%?tl‘dcfet} sVGR amagggngi gaPf the

di scharge conditions. eating el enent in the olr 20 60,

li t hi um 62lenfenkfpthei dowiissrehm@itlt EOVRoaice aAEddigg & the évehass aflergthe nel ting
point. At regular intervals, an electron beamis fired at an area

cont al®i ngrdrogfignapfithe perniameatien B enters the hadlogy warhdl, géhespidisetranped asing g
lithiumvapor. This.has th dvant.age that.the source can pe .operat.ed
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di schar ge ,5RRRS) anki¥d81ifE 0. A 1RicNgh IHAGrHIS YR & QhingL itie eE%{Ma il &yl on.
Thi s effegtivgﬁyan 25 iu:l%)roves tg% coﬁa\?ersi on effcicpt(lzlinency o?nt e ggu’r%&.

Er osi on obuitdbde gdomotryan®sbedused { for insances hapharecoheampambglaest loyig aefidoed due
to the layer of liquid Iithiumprotecting it. Alternatively, a second

convent i ofal infrsters Wigh heesrpiied sdintiont4d papangp e ther yefaspelctbe giagingancidsucs
ot R oL NG SloeTL O PARMARNEL oo b e IS ATERANF IR shipeto i © he
central shell of the grazing-incidence collector 80.

Alternatively, disposing an electron-beam generator so that the electron
beam heats a region close to the discharge space may provide a better control of the lithium
vapor, and thus of the discharge conditions. Using the heating element 64 in the reservoir

20 60, lithium 62 is kept in its liquid form at a temperature close to the melting point. At
regular intervals, an electron beam is fired at an area containing liquid lithium 62 close to
the discharge space, creating lithium vapor. This has the advantage that the source can be
operated using a minimum amount of vapor and/or low temperature plasma in the
discharge space, thus minimizing the absorption of emitted EUV radiation. This effectively

25  improves the conversion efficiency of the source. Erosion of the electrodes due to the
electron-beam is greatly reduced due to the layer of liquid lithium protecting it.
Alternatively, a second conventional heating element close to the discharge space may be
used instead of the electron-beam heater.

It may be advantageous to create the lithium vapor by evaporating



P- 0359. 010 -21 (exploding) with an electron beama liquid droplet or solid
wre (<-1 00 mcron) of lithium placed between anode 10 and cat hode 20

cl ose to the discharge space, thus preventing entirely erosion of the

el ectrodes. For either use described, the el ectron-beam nay be substituted
by anot heiP-0339radi ati on or particle beapl-for instance a | aser beam which
al l ows vapor concentration to be varied using the |aser paraneters, such
as wavel ength, energy per inpulse and pulse |ength. For instance, a Nd- YAG
| aser enpl oyed to vaporize lithiumfromthe surface of the anode 10 or
cathode 20 nmay operate with paraneters: wavel ength 1.04 m cron, energy per

i mpul se 10Qs N ant W 3 J s kinh | i il
agBr eci at gexﬂjﬁéahtlﬁ%l‘}ﬂ&g%gﬂ%ﬁ B(Tg@g%l:ibpl%? él%?’%eg re?%ﬂs‘gﬁﬁ/%?gﬁ gﬁ?@ hglzﬁ’lo
lithium bpheedbetveen kbdedy ahé copeda®elosd tohhadiycibtiet sphdes tifldlpsdvantry f or

i nstance xenon, indium iridium tin or a conbination of these. In addition
a conbi naentyglyofrosien pf hiselecodest ances nay be used, for instance one

substance for the cqoli.ng within.the open 15, heat pipe structio and a
di fferent subst ance%?’f)e@%éé{fee&lsﬁébegi’ g‘(‘fﬁi‘?’:HB?'bﬁW “b%y l{%ﬁggggbt@@ F’g _aﬂ?tgf’%e

i nvent § onpandidntct paRADbRN Fsr ilR¥ndRS lh's%?geéfﬁ}»ﬂﬁcl@ﬁﬂo&é’%o%oxﬁ_@ﬁ'rﬁfdﬂﬂ
source that relies on discharge, such as Z-pinch, capillary discharge, or

pl asma f obesadklnsiesthe [4senparaheteasnich as avelyngh\emotgygeoispulse aripudye t hese
aspects in the radiation source described in European Application No.

02256486. &ngHhdor egheiadldd Adplagacaimioned to sararies didhiugyrem the sugiaes ofhg

i nproved ¢ooli i sed lse timng stabili nd. an increased
conver st ot s Ay L 30 BT SRS P hruSlnE By NP ekt RPN BFBTRE be
det er m negnpglke Po10d a1, AR shoolgsustrat ed, but by the appended
clainms and their equivalents. P-0359.010 -22 CLAIMS 1. A radiation source

conprﬂ&ing_an anode and a cathode that are configured and arranged to
and cat hode and {o B AHICGRASHEU LADEecRsS BHUERUEh BIealor o BRI oI
(7 o WAL e A, VAT BERR Gl Bl b S
instance xenon, indium, iridium, tin or a combination of these. In addition a combination of
suitable substances may be used, for instance one substance for the cooling within the open
15  heat pipe construction, and a different substance to create the discharge.
Any of the aspects of the invention and its embodiments may be used with
any type of radiation source that relies on discharge, such as Z-pinch, capillary discharge,
or plasma focus devices. It may be particularly advantageous to employ these aspects in the
radiation source described in European Application No. 02256486.8, and incorporated
20 herein by reference, which already has improved cooling, an increased pulse timing
stability and an increased conversion efficiency.
Accordingly, the scope of the invention should be determined not by the

embodiment(s) illustrated, but by the appended claims and their equivalents.



function for transporting a liquid towards said di scharge space froma
liquid reservoir in contact with said wicking surface area. 2. A radiation
source according to claim1, wherein said wicking surface area is provided
on at | east one of said anode and said cathode. 10 3. A radiation source
accordi ngPr@50LEHOMs 1 or 2, wherein a e€®dking surface area of walls
defining said discharge space is provided with a cooling function for
condensi ng vaporized liquid fromsaid di scharge space so as to transfer
heat fromsaid discharge space to said cooling surface. 4. A radiation
source according to clains I to 3, wherein a material 15 conprised in said
liquid is used in creating said plasngapvsA radiati on source according to
claims 1 to 4, wherein said discharge space is provided with an el ongated
extensi on space, said cooling surface area being provided on wall of said
extension space at a distance froma central region of said radiation
source. 20 6. A radil afiTeiatin souEceLouprigng gnepodq adscathadg that aggrondiguredai d

radiati on g QLGS GOMRLL S sl N2h 9k L RAIME Glandd LA @O, SR oW, CKi NG

surface afea“pr sal arge space. a

accor di ng ah@cathdddarfd to hef £pRsHAke amegeﬁahie%léz@I@ma'Fﬁ@tﬁ radi8AG, Whepdiahged
particles. 25 8. A radiation source according to claim®6, wherein said

ener ged i c vhekng swiame atcasd walle definifg sAAd disdhagé spacs suypreddedbwpthiasvickingn anode
and a cat%g%g that are configured nd . rraﬁged to greate a . discharge in a
subst ance [HIFHQN $PTEARSPENg B diguiddewands seid disghdiRe sracplionsyliguid ressaroyig

cat hode a : . to generate el ectromagnetic radiation,
gﬁrgﬁa JI%E’H %@w@é@%&rﬁ& &Ra

wherein sair ¢ scC ge ce I's provided with an el ongated extension
space, cooling surfaca radig@orddourcsalctsrdigitd Blaig 15 whéreRXdatMwickihgShidaee bei ng

provided with a cooling function for condensing vaporized liquid fromsaid
di schar ge argpagprovided obeit fegstpme wif said anedeaandisaidaathedé.r om a central 5 region
of said radiation squrce,. 10. A radiation source accordi.ng to..clai 1to
0, Whi& ein said |iqdi 4 radiation source accordmgQO 2fams T of 5 whereina cooling surface
area of walls defiming said discharge space is provided with a cooling function for
condensing vaporized liquid from said discharge space so as to transfer heat from said
discharge space to said cooling surface.
4. A radiation source according to claims 1 to 3, wherein a material
15  comprised in said liquid is used in creating said plasma.
5. A radiation source according to claims 1 to 4, wherein said discharge
space is provided with an elongated extension space, said cooling surface area being
provided on wall of said extension space at a distance from a central region of said
radiation source.
20 6. A radiation source according to claims 1 to 5, wherein said radiation
source comprises an energetic beam for irradiating said wicking surface area proximate
said discharge space.
7. A radiation source according to claim 6, wherein said energetic beam is a
beam of charged particles.
25 8. A radiation source according to claim 6, wherein said energetic beam is a
laser beam.

9. 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



conprises an el ement selected fromthe group consisting of. xenon (Xe), tin
(Sn), lithium (Li), indium(ln) and iridium(1lr). 11. A radiation source
unit conprising: 10 a radiation source provided with an anode and a cat hode
that are configured and arranged to create a discharge in a substance in a
di schar ge Ps@B@d)19et ween sai d anode and-2%at hode and to forma plasnma so as
to generate el ectromagnetic radiation; and a holl ow receptacl e arranged on
an optical axis of said radiation source, an open end of said receptacle
being directed to said radiation source for capturing contam nation 15
emtted fromsaid radiati on source. 12. A radiation source according to

claim 11, awhestRode Hwlitd f61a€ € plasgdh €o a@foC%éhéi@.ﬁ: ectOtlabidid rdiiatib RvHedsin 81aNced
trappi ng of contami nation on inside walls of said receptacle. 13. A

radi at i ondischaree spaseni provided with anebugatad éxtgnsian hsde, cohling surbac@ree@fif i gur ed
and arranged t.o.creat.e a di.schar in a substance in di scharge space

ot ween S5 ISGORE S 4R HRG REARETE 6Tt Wb sashbeTyR Bl SR IRE

el ectrona tad iadiatd Q. j i i: i.d.,anode
and cat hoqa A BAtuA Raid RAREEHAE Sr Tl RO AN FAL dillafRidh 3B

wher ei i sadgiorapiuaidiradiacionpsurses a plurality of electrically-conductive

structures 25 ar r anggds #iidtfon Bulc Wordil b BBRAS LI, SHRRAR I Holay open ¢ o
'y clo

said radiation but to substantia e sald aperture electrically. 14.
A radi at i oompnsasee cknomt sileged froml the prolif condieing ofatetion {Xeic tit ( $x8), Athéurool ed.
15. A radiati.on soyrce caonprising an anode and a cathode that are

P- 0359. 016HL ’ZﬁdlBHhéfP)g%déﬂgﬁﬁ’Uaeranged to create a discharge in a substance
in a discharge space between said anode and cathode and to forma plasna
so as to generate elléch ratiatipiaonse uatticamposing: wherei n sai d radi ati on source

i t | t. | d, hgeat, pi ., 16, Alith hi i i
appar s comprraif: soures Bravtce Wih S fusdspnl g ottt i 76 CanBRBFLEN on beam
of radi at L§hocd 15 LRARIE diStHaHEHE Subincs HPRAsL g HALE BLeaTsiB ake ahlte

patterning nmeans serving to
cathode and to form a plasma so as to generate electromagnetic radiation; and

a hollow receptacle arranged on an optical axis of said radiation source, an open end
of said receptacle being directed to said radiation source for capturing contamination
15  emitted from said radiation source.

12. A radiation source according to claim 11, wherein said receptacle
provides a cooling function for enhanced trapping of contamination on inside walls of said
receptacle.

13. A radiation source comprising: an anode and a cathode that are

20  configured and arranged to create a discharge in a substance in a discharge space between
said anode and cathode and to form a plasma so as to generate electromagnetic radiation;
an aperture being provided in one of said anode and cathode through which said
electromagnetic radiation is emitted,

wherein said aperture comprises a plurality of electrically-conductive structures

25  arranged so as to leave said aperture substantially open to said radiation but to substantially
close said aperture electrically.

14. A radiation source according to claim 13, where said structures are
cooled.

15. A radiation source comprising an anode and a cathode that are



pattern the projection beamaccording to a desired pattern; a substrate
table for holding a substrate; a projection systemfor projecting the
patterned beamonto a target portion of the 10 substrate, wherein said
radi ati on system conprises a radiation source or radiation source unit
accor di ng R@3¥10one of clainms 1 to 15-246. A device manufacturing net hod
conprising the steps of: providing a substrate that is at least partially
covered by a layer of radiation-sensitive 15 material; providing a

proj ection beam of radiation using a radiation system conprising a

radi ati on source or radiation source unit according to any one of the

claims 1 tonfldired aisi Aganped torddtd'd dEBRDRS: fnth SBSANEL RS d%ﬂh%%tg'g% bgﬁééé‘n"“ th a

pattern in its cross- section; 20 projécting the patterne am of

radi at i onS¥f@gods andrqgthodpend tooferrofa tldsena sayesito pénerat@clicetkdraapreEO SididtioR,

material . wherein said radiation source comprises at least one closed heat pipe.
16. A lithographic projection apparatus comprising;

5 a radiation system for providing a projection beam of radiation;
a support structure for supporting patterning means, the patterning means serving to

pattern the projection beam according to a desired pattern;

a substrate table for holding a substrate;

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

10 substrate,

wherein said radiation system comprises a radiation source or radiation source unit

according to any one of claims 1 to 15.

16. A device manufacturing method comprising the steps of:
providing a substrate that is at least partially covered by a layer of radiation-sensitive
15 material;
providing a projection beam of radiation using a radiation system comprising a
radiation source or radiation source unit according to any one of the claims 1 to 15;
using patterning means to endow the projection beam with a pattern in its cross-

section;

20 projecting the patterned beam of radiation onto a target portion of the layer of

radiation-sensitive material,




