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BACKGROUND OF THE INVENTION
The semiconductor industry continues to develop lithographic technologies, which can
print ever-smaller integrated circuit dimensions. These systems must have high
reliability, cost effective throughput, and reasonable process latitude. The integrated
circuit fabrication industry has recently changed over from mercury G-line (436 nm)
and I-line (365 nm) exposure sources to 248 nm and 193 nm excimer laser sources.
This transition was precipitated by the need for higher lithographic resolution with

minimum loss in depth-of-focus.

The demands of the integrated circuit industry will soon exceed the resolution
capabilities of 193 nm exposure sources, thus creating a need for a reliable exposure
source at a wavelength significantly shorter than 193 nm. Anexcimer line exists at 157
nm, but optical materials with sufficient transmission at this wavelength and
sufficiently high optical quality are difficult to obtain. Therefore, all-reflective imaging
systems may be required. An all reflective optical system requires a smaller numerical
aperture (NA) than the transmissive systems. The loss in resolution caused by the

smaller NA can only be made up by reducing the wavelength by a large factor. Thus, a
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|l ithography is to be inproved beyond that achieved with 193 nmor 157 nm
Optical conponents for |ight at wavel engths bel ow 157 nmare very |imted.
However, wefiBegtssve i ncidents reflectors are avail abl e anacgamsd3/nass ect ors
mul ti-layer at near normal angles of incidence can be nade for light in

t he wavel ength range of between about 10 and 14 nm (Light in this
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liquid or liquidfied or frozen gas target so that the debris will not plate out onto the

optical equipment. However, none of these systems have so far proven to be practical

for production line operation.

It has been well known for many years that x-rays and high energy ultraviolet radiation
could be produced in a plasma pinch operation. In a plasma pinch an electric current is
passed through a plasma in one of several possible configuration such that the magnetic
field created by the flowing electric current accelerates the electrons and ions in the
plasma into a tiny volume with sufficient energy to cause substantial stripping of outer
electrons from the ions and a consequent production of x-rays and high energy
ultraviolet radiation. Various prior art techniques for generation of high energy
radiation from focusing or pinching plasmas are described in the background section of

U.S. Patent No. 6,452,199,

Typical prior art plasma focus devices can generate large amounts of radiation suitable
for proximity x-ray lithography, but are limited in repetition rate due to large per pulse

electrical energy requirements, and short lived internal components. The stored



el ectrical energy requirenents for these systens range from 1kJ to 100kJ.
The repetition rates typically did not exceed a few pul ses per second.
What i s nwedemsmse production line reliable, systens for pcedisos/ng39
collecting and directing high energy ultraviolet x-radiation within
desired wavel ength ranges which can operate reliably at high repetition
rates and avoid prior art problens associated with debris formation.
SUMVARY OF THE | NVENTI ON The present invention provides a reliable,
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source. A very hot p ma - contal ning an active terial is produced in
vacuum chantrepetitibheatas typicallyrdidardt akceed adew pulses pereskement  havi ng an
em ssion line within a desired extrene ultraviolet (EUY) wavel ength range.

A pul se po source, conprising a.chargi,ng capaci.tor and a nagnetic
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preferred ecrﬁ)gdi rf’rents desi gned by Applicants in-band, EUV Iight energy at
t he i nt er mediCQBIFBRHEN| s 45 Watts extendable to 105.8 Watts. In preferred
enbodi ments the high energy photon source is a dense plasma focus device
with co-axial electrodes. the electrodes are configured co-axially. The

central electrode is preferably hollow and an active gas is introduced out
of the hollow el ectrode. ThSUMMARY OBETHIRINNVENIION of the spectral line

source and separate, optim zation of buffer gas. In preferred ..
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circuit comprising a pulse transformer, provides electrical pulses having sufficient
energy and electrical potential sufficient to produce the EUV light at an intermediate
focus at rates in excess of 5 Watts on a continuous basis and in excess of 20 Watts on a
burst basis. In preferred embodiments designed by Applicants in-band, EUV light
energy at the intermediate focus is 45 Watts extendable to 105.8 Watts.

In preferred embodiments the high energy photon source is a dense plasma focus device
with co-axial electrodes. the electrodes are configured co-axially. The central electrode
is preferably hollow and an active gas is introduced out of the hollow electrode. This
permits an optimization of the spectral line source and a separate optimization of a
buffer gas. In preferred embodiments the central electrode is pulsed with a high
negative electrical pulse so that the central electrode functions as a hollow cathode.
Preferred embodiments present optimization of capacitance values, anode length and
shape and preferred active gas delivery systems are disclosed. Special techniques are
described for cooling the central electrode. In one example, water is circulated through
the walls of the hollow electrode. In another example, a heat pipe cooling system is

described for cooling the central electrode.



An external reflection radiation collector-director collects radiation
produced in the plasma pinch and directs the radiation in a desired

di recti orwo@sms’sehoi ces for the reflector material are meicylrsesunso

pal | adi um ruthenium rhodium gold or tungsten. In preferred enbodi nents
the active material may be xenon, lithiumvapor, tin vapor and the buffer
gas is heliumand the radiation-collector is made of or coated with a

mat erial possessing high grazing incidence reflectivity. Qher potenti al
active materials are described. In preferred enbodinents the buffer gas is
hel i um or argon. Lithiumvapor may be produced by vaporization of solid or
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be fabri cat eldscribteget her as one part or they could be separate parts aligned
wi th each ot her and the pinch site. This prototype devices actually built
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Thus, these tests conversion efficiency about 0.5%
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a conical nested debris collector having surfaces aligned with light rays extending out

from the pinch site and directed toward the radiation collector-director. The reflection

radiation collector-director and the conical nested debris collector could be fabricated

together as one part or they could be separate parts aligned with each other and the

pinch site.

This prototype devices actually built and test by Applicants convert electrical pulses
(either positive or negative) of about 10J of stored electrical energy per pulse into
approximately 50 mJ of in-band 13.5nm radiation emitted into 2w steradians. Thus,
these tests have demonstrated a conversion efficiency of about 0.5%, Applicants
estimate that they can collect about 20 percent of the 50 mJ 13.5 nm radiation so that
this demonstrated collected energy per pulse will be in about of 10 mJ. Applicants have
demonstrated 1000 Hz continuous operation and 4000 Hz short burst operation. Thus,
10 Watt continuous and 40 Watt burst outputs have been demonstrated. Using
collection techniques designed by Applicants about half of this energy can be delivered

to an intermediate focus distant from the plasma source. Thus providing at least 5



WO 03/087867 PCT/US03/11139 Watts of in band EUV |ight at the internediate
focus on a continuous basis and at |least 20 Watts on a burst basis.

Appl i cantwolawerset so shown t hat the techni ques descri bed poermsbsiiaan be
applied to provide outputs in the range of 60 Watts at repetition rates of
5,000 Hz or greater. At 2000Hz, the neasured pul se-to-pul se energy
stability, (standard deviation) was about 9.4% and no drop out pul ses were
observed. The electrical circuit and operation of this prototype DPF
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m rror systeesfornlarts by Applicants have denonstrated an inproved

el ectrode configuration in which the central electrode configuration in

whi ch the central e]ectrode is hollow and conf.igyred as a cathqde. For
this confi gdpaﬁhebﬁ%fﬁnﬁais|ﬂeﬁfple%?ma>ébwr86w§§n Piher glﬁﬂ“?o?’é‘-cﬁa‘h‘il%‘éts}‘% S0
speci al pre-_.i.Qnj 4 i e = : QWNGS
FIG 1is aﬁsgﬁgéﬁﬁlgg{l io@%é\?mpé\egﬁ%fgg&%ou E%ﬁg%v\e sygg%%ﬁ%EFEgs a power
source for thtMasnamagbe produesd withia palsed gds@ischargs hazesbeat. Udtepuisepbenent s  of

a pulse transfornmer. FIGS. |1 B.and 1 C show test data. FIG 1D sho a
reverse pol &¥ieRsh Pifiese sorseasis Rrodhesd with apulsepavyrs fstem é%‘ilfiSF’B'?ﬂd]PFéeé%‘? s of a

dense pl asmg, LaGUfe BYV I%Yi)r%?eralﬁy is produced collected and is preferably delivered to an

intermediate focus using one or more of the techniques described herein.

The present invention provides a practical implementation of EUV lithography in a
reliable, high brightness EUV light source with emission characteristics well matched to
the reflection band of the Mo/Si or Mo/Be mirror systems. Tests by Applicants have
demonstrated an improved electrode configuration in which the central electrode
configuration in which the central electrode is hollow and configured as a cathode. For
this configuration the hollow cathode produces its own pre-ionization so special pre-

ionization is not needed.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is an electrical drawing of a pulse power system useful as a power source for
EUV and soft x-ray sources.
FIG. 1A shows structure elements of a pulse transformer.
FIGS. 1B and 1C show test data.
FIG. 1D shows a reverse polarity pulse power source.

FIG. 2A shows electrical features of a dense plasma focus EUV device.



WD 03/ 087867 PCT/US03/ 11139 FIGS. 2A(1) and 2A(2) are cross-section

drawi ngs of a plasma pinch prototype EUW device. FIG 2A(3) shows the

pr ot ot ypewwioshsmaruum chanber. FI G 2A(4) shows fl ow coolpet/usqsripsent .
FIG 2A(5) shows effects of flow on output. FIGS. 2A(6)-(20) show
performance data. FIG 2A(21) shows a special DPF configuration. FIG 2B
shows features of a conventional Z-pinch device. FIG 2C shows features of
a holl ow cat hode Z-pinch device. FIG 2D shows features of a capillary

di schar ge dewige:- L.GS. i ReSHESHIa8m 4B
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EUV system devfée. 5A- C shows net hods of meking a debris collector FIGS. 6A

and 6B show features of a second debris collector. FIG 7A B, and C shows
features of HG RALD shews the rretorwetvth vacken cBamBgins the 13.5 nm |t hi um peak

rel ative toaﬁclﬁf gggzbg}{%)%ggg{vlAggﬁgr&{}%bj&%s. FIG 8A is a prospective

drawi ng of y ‘8B shows a portion of the EUV beam

produced by HG. eAlS)rhows affetobf BoW on output.G  8C shows a portion of the EW
beam pr oduced@rbsy a hygr obolic collector. FIGS. 9, 9A B, and C show
conbi nat i onFIGS. RADA2P bshowapariosmancs dafdd debris col l ectors. FIG 10 shows

a xenon spe%lwzggmlsﬁémé g%’@#éﬁé“}%@%’}lﬁ%%%ﬁlﬁ' FIG 11A is a chart show ng

reflectivity of "vdri’ous na mr ultraviolet radiation. FIGS.

11, B, C D FIgndBEhsWoRaantd 6fd @nvel@iingnB-pifch@evikd. i s a drawi ng show ng a
techni que for introducing source gas and worKi ng gas. FIG 13 is a tine
chart showi MJG: RE shaws Eeajuses efpehalloy @hded-pingh dgvicq| GS. 14A, 14B, 14C and

éfﬁcﬁhow t hel’I%f. Eﬁcs oev]; feva%{riesogfsa ga%maﬁ'?hlsgllla?get clieQ/gcei\:. designs on the plasma

FIGS. 3A and B show xenon spectra.

FIGS. 4, 4A and 4B show features of a laser produced plasma systems.

FIG. 4C shows a hybrid EUV system.

FIG. 5A-C shows methods of making a debris collector

FIGS. 6A and 6B show features of a second debris collector.

FIG. 7A, B, and C shows features of a third debris collector.

FIG. 8 shows the 13.5 nm lithium peak relative to reflectivity of MoSi coatings.

FIG. 8A is a prospective drawing of a hyprobolic collector.

FIG. 8B shows a portion of the EUV beam produced by an ellipsoidal collector.

FIG. 8C shows a portion of the EUV beam produced by a hyprobolic collector.
FIGS. 9, 9A, B, and C show combinations of radiation collectors and debris collectors.
FIG. 10 shows a xenon spectra a multi-layer mirror spectra.

FIG. 11A is a chart showing reflectivity of various materials for 13.5 mn ultraviolet
radiation. ‘

FIGS. 11, B, C, D, and E show collector designs.

FIG. 12 is a drawing showing a technique for introducing source gas and working gas.
FIG. 13 is a time chart showing the anode voltage and EUV intensity.

FIGS. 14A, 14B, 14C and 14D show the effect of various central electrode designs on
the plasma pinch.

FIG. 15 is a drawing showing a technique for using RF energy to operate lithium vapor

source gas.



FIG 15 is a drawing showi ng a technique for using RF energy to operate
lithiumvapor source gas. 6 WO 03/087867 PCT/US03/11139 FIG 16 shows a
heat pi pewomols1sg7 t echni que for the anode in a preferred PPFuevinge FIG
17 shows gas control techniques. FIG 18A, B, C, and D show techni ques for
controlling active gas and buffer gas in the vacuum vessel of preferred
enbodi nents. FIG 19 shows a tandemellipsoidal mrror arrangenent. FIG
19A, B, and C show t he shape of the EUV profile at just downstream of two

f ocuses. Qq%{ £aQr, %ﬁ I of the
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shows a teciFGqUEsHows gaedortiod gechhigaty.ode erosion. FIG 27A and 27B show a
mai nt enance techni que. FIG 28A and B show t he use of na%Fhets to control

the pinch. FEp384dhC, mDshgtt%ﬁhmeEqﬁewtmﬂ%a%wsg ugfer gas 18 Hisins
preioni zati Q,n &@gt}%&%«%pr clégb&d?&%ﬁtat he effects of preionization

t ur ni ng. OoWs "a van ages o ense plasma focus. DETAILED

DESCRI PTI CNFTE m&&&mm&lmmm To produce light in the
spectr al rangg’ of 13-14 nmfromplasma requires a very hot plasna

cor r espondi 3Gt 894 eBparhEishey the Shfr‘Pet ¢fethe pesfile é‘;/ﬂ}shfio‘t"%ﬁ@@n%f ¥gr ees
Cel sius. P asims at these tenperatures can be created by focusing a very
hi gh power ?‘i}lg?%/ short pul se) |aser beamor a high energy el ectron beam on

the surface ppG;sa20r20Al 21 hidd ZBEhow 4 teécEnighs SorpasaiddbBng of the@ibdgedeser y hot
plasma in a gas with electric discharges usi ng any of several special

di schar ge t &8GRI a4, aud 260 ansA6B ghovpelpetrpderdesighasma. These techni ques
0610 (g 55055 RSBS00 71 B
techni que. A&, PFA and 27B show a maintenance technique.

FIG. 28A and B show the use of magnets to control the pinch.

FIG. 29A, 29B, 29C and 30 show pulse shapes.

FIG. 31 shows a preionization technique.

FIG. 32 shows the effects of preionization turning.

FIG. 33 shows advantages of dense plasma focus.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
HOT PLASMAS

To produce light in the spectral range of 13-14 nm from plasma requires a very hot
plasma corresponding to temperatures of in the range of several thousand degrees
Celsius. Plasmas at these temperatures can be created by focusing a very high power
(very short pulse) laser beam or a high energy electron beam on the surface of a metal
target. It is also possible to produce very hot plasma in a gas with electric discharges
using any of several special discharge techniques which focus or pinch the plasma.
These techniques included (1) a dense plasma focus technique (2) a regular Z-pinch
technique, (3) a hollow cathode Z-pinch and (4) a capillary discharge technique. All of
these techniques are discussed in greater detail below. For use as a lithography light
source for integrated circuit fabrication the light source and the power supply for it
should be capable of continuous, reliable, round-the-clock operation for many billions

of pulses. This is because the lithography machines and the associated fabrication lines



t hese techni ques are discussed in greater detail below For use as a
lithography |ight source for integrated circuit fabrication the Iight

sour ce amslotobesisemer supply for it should be capabl e of eomtusnDA3Y
reliable, round-the-clock operation for many billions of pulses. This is
because the |ithography machi nes and the associated fabrication lines 7 WO
03/ 087867 PCT/US03/ 11139 are extrenely expensive and any unschedul ed down
time could represent |osses of hundreds of thousands of dollars per hour.
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relating to spectra available, efficiency of conversion of plasna energy
to energy ircanhkee effeitively stlezsdr fom lithogrphyumaghines fomfuserei imtperdted caeget into
t he plasma r]\]e,:\tngi on,
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hot spot plasma should include an atomic target material with spectral lines in the 13-14

nm range. Several potential target materials are known including xenon, lithium and

tin. The best choice of target materials involve trade-offs relating to spectra available,

efficiency of conversion of plasma energy to energy in the desired spectrum, difficulty

of injecting the target into the plasma region, debris problems. Some preferred target

and techniques for dealing with these issues are discussed below. (The reader should

understand that all elements produce spectral lines at high temperature and that these

lines are well documented so that if light at other wavelengths is desired, it is a rather

straight forward matter to search the literature for a suitable target material which when

heated in a plasma will produce a good line at the wavelength of interest).

Xenon
Xenon is a preferred atomic target. It is a nobel gas therefore, it does not present a
debris problem. It has relatively good spectral lines within the 13 to 14 nm range as

shown in FIGS. 3A and 3B. FIG. 11A shows EUV Xe spectra measured by Applicants.



heated in a plasma will produce a good line at the wavel ength of interest).
Xenon Xenon is a preferred atomc target. It is a nobel gas therefore, it
does not woaeses1séa debris problem It has relatively good®capeosmnaBsl i nes
within the 13 to 14 nmrange as shown in FIGS. 3A and 3B. FIG 11 A shows
EUV Xe spectra neasured by Applicants. 8 WO 03/087867 PCT/US03/11139 FIG
3A shows a neasured single pulse spectrum FIG 3B shows a cal cul ated

t heoretical Xe spectron. It can can be added as a constituent part of the
buffer gas i J a , i berij he

di schar ge orﬂg'% sﬁgxgggﬁkg%uf@a{mggspu ((:a'oé c%ﬁ??'atell:@ %Egﬁg%cebraﬁtukg?dte. It
can al so be thsapétid] Xospetrom It tan daibk added@e b obnstingknt parf efthebuffenigas infie

di scharge or _pinch region as a liquid or a solid so that its atomc
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Lithiumis al'so we nown as a potential target nmaterial. S a solid at
standard t enjpekatintoase disdhirge @0 pmchasgion adabliqued pr alblisoAhaidts ap@id al
t echni ques nmust be devised when adding atomic lithiumto the discharge or
pi nch regi ofonSwiration is grealy inersased iy thesplasma. deertain Kerpn GomNENgH(sEeh apat ent
applications _and |. L Qr . ource . techni ques are descri bed
bel ow. Lit hitGRPLSH “g‘rl?%j“é%[“te%§9}r¢f‘%e§ Akecthlihials 0 solid, liquid or a
vapor. Tin Tin is also a preferred target nmaterial since it has sone
i ntense spectral lines in the desired range. However, like lithiumit is a
solid at standard tenperatures and dodithpse a debris problemsince it
coul d potenti.al.ly .pl ate Qn gptical .. es. LSE. P Y ST
El ectri cal éil&lé tlgﬁgs8dw ét(;}rm(f_%ﬁgﬁi genﬂéﬁa{é%l?ﬁ %Ege§gbsmae%@e§esr§‘%n%mﬁiri or
art pul se pawaperatid® shdsy dbeBoser£ddbraVptoblein. SNRP dedil sdtbhiqued bt becal

hi gh vol tage pul ses to create the discharges in these devices. However,
none of t heglgvised when adding atomic lithium to the discharge or pinch region. Some of those

techniques are described in the parent patent applications and in prior art sources and
other techniques are described below. Lithium can be injected into the chamber as a

solid, liquid or a vapor.

Tin
Tin is also a preferred target material since it has some intense spectral lines in the
desired range. However, like lithium it is a solid at standard temperatures and does pose

a debris problem since it could potentially plate out on optical surfaces.

PULSE POWER SYSTEM
Electrical Circuit
Need For Long Life Reliable Pulse Power
Several prior art pulse power supply systems are known for supplying short electrical
high voltage pulses to create the discharges in these devices. However, none of these
prior art power supplies provides the reliability and control features needed for high
repetition rate, high power long-life and reliability needed for integrated circuit
lithographic production. Applicants have, however, built and tested a pulse power
system relying in part on technology developed by Applicants for their excimer laser

light sources. These excimer lasers producing 248 nm and 193 nm light, are currently



prior art power supplies provides the reliability and control features
needed for high repetition rate, high power long-life and reliability
needed f owoiosbgmssated circuit |ithographic production. Applriusasitg3have,
however, built and tested a pul se power systemrelying in part on

t echnol ogy devel oped by Applicants for their excinmer |laser |ight sources.
These excinmer |asers producing 248 rimand 193 nmlight, are currently 9 WO
03/ 087867 PCT/US03/11139 extensively used as light sources for integrated
circuit fabr sF S
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pl asma f ocugputiepover s;stedeﬁmﬁlﬁédlemcestbluétdmitbﬂed by Applitantras paAoﬂeﬁnm}ptl on
of the electrical circui @@ gr.am of thi efe red pul se power systemw th
reference t@eR§raionplasima fcys ?‘G?Falﬁldﬁscl“(?e‘i?rgﬁ 91 QRing SeClions-B i s set forth
bel ow. A conventional approximately 700 V dc power supply 400 is used to
convert AC electrical power fromutility 208 Volt, 3 phase power into

appr oxi mat el A desofiptibrief thdele@rial piovwit diagramsofidsprefetedpluise $0@eqmystemddth power
for resonant charger_unit 402 Power supply unit 400 charges up a |arge
1850 gF capdeirears babik: 1ond ocissionab ik, | fr Sfhea FoitiseriABN DeloMger i gnal |
the resonant charger initiates a charging cycle by closing the

command- chargi, C e ut is
formed fr on[? t E&%%ngbﬁgéx%g?tg}aﬁc%gr%c;sﬁ%&/igﬂsc}%kg’z@ llsausgﬁ ga%rg!é\gcu tor
bank which fedHcchahpO\pafﬁomfutlhtylZOG Vlt, §q>hpwwwayrﬁbappx@ﬁﬁ%}z 700%.dcCir r ent
therefore begins to discharge {om C-1 t hrough he LI uct or anﬂﬁl nt o
CO, char gi ngMHPeWekt Efamew'?raﬂtp@y ‘B?é)cam es tPHE’e’C(I rE%?&é%ﬁ‘{ B upi 4

nmuch larger ¢ a
appr oxi mat el yta\%?s'y %e I ni t| %@ggﬁg‘?@‘ﬁﬁ“maﬁgcﬁdg}??‘ﬁ@ﬁﬁ
resonant  cHesngamextpimalieigger sI@ﬂel ﬂieaes@nmg charpeeinitiafes b slmrgsg oyudesbyeclosing

hal f - si nusoi dal shape and the on CO resenbles a "qgne, mgus cosi ne"
waveform | %?‘H@Pa%%c%&@gé‘fm‘%}h&eQ&CQ/@FtS‘é@%h tRseec resudat arcui iy fpaned may

t ake pl ace. ol RRgGY, at any
time during tﬂ{%ﬁﬁor rlrg pac&B?ﬂ?zﬁzﬂgﬁg%@J Rgﬂﬁ%(lﬁisb(?%%pa,&%&%nt ceases to
flow from Cp]artblffsohdhpulGelpb‘&ﬂtsyﬁthmt(SBHBS)%l(ﬂE&d;d'rdmedrerefbnelﬂegmupo discliange

chargi ng i nduct or conti nues nto CO t hrough the free-wheeling

di ode D3. THm fak thraughdhe éétmcb‘Ft%?B‘bBF%E aHPTEing whﬁxat eapasitpncs- r%?ﬁaesel from

transferring. c capacitance is much, much larger than the CO capacitance, the voltage on CO

can achieve approximately 2 times the initial voltage of that on C-1 during this resonant
charging process. The charging current pulse assumes a half-sinusoidal shape and the

voltage on CO resembles a “one minus cosine” waveform.

In order to control the end voltage on CO, several actions may take place. First, the
command-charging switch S1 can be opened up at any time during the normal charging
cycle. Inthis case, current ceases to flow from C-1 but the current that has already been
built up in the charging inductor continues to flow into CO through the free-wheeling
diode D3. This has the effect of stopping any further energy from C-1 from transferring
to CO. Only that energy left in the charging inductor L1 (which can be substantial)

continues to transfer to C0 and charge it to a higher voltage.

In addition, the de-qing switch S2 across the charging inductor can be closed,

effectively short-circuiting the charging inductor and “de-qing” the resonant circuit.
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to CO Only that energy left in the charging inductor LI (which can be
substantial) continues to transfer to CO and charge it to a higher

vol t age. WO oadstissi on, the de-qging switch S2 across the chacgiusgs/insuct or
can be closed, effectively short-circuiting the charging inductor and
"de-qing" the resonant circuit. 10 WO 03/087867 PCT/US03/11139 This
essentially renoves the inductor fromthe resonant circuit and prevents any
further current in the inductor fromcontinuing to charge up CO Current

in the i nducfif edkéhtfall§Bemead %Le‘iﬂdl?ct B(afrogﬁ @RréBRart@feuiRAR ﬁréﬁeg&?ﬂ% hié’thtep.e | oop
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shown in t hisincprtaé éGB&Fchaseartevdissrantijparatial iede seduded idli the ldavige trenevogyd f r om

CO once the charging cycle is conpletely finished in order to achieve very
fine regul atr}oarﬁalg»f COIMRICY SVELSg SuBENtCAS arFFé“]I!)ChB‘g%\B“ Rlogks) thisirevessexygregt 90 A,

AC input, 8QQ..M & ; ; i ded b
vendors suchhish ity Sty REbiitkes e BB Rk RFe B MRLLRYORIY s, dod BY
Sor ensen, etg£ blédsdsatbraimiwithtand aeri¢ssesismiol (bath apt shower infihisieferrgdwer

supplies connected in series and/or parallel conbinations in order to

provi de t he embodamentyrampbe used,fo disehargenepergse frameCp ones thecehmgingrerele 15 or t he
system The (- ChbQE. ] 4 i ised of two
4o v oc, 3ol ORIl biel e RO DY nE AR or e SIROTB CREC Do
The resulting capacitance is 1550 F rated at 900 V, providing sufficient
mar gi n over ThHeeDC poweabupplOisGOIDEW ofeA A Crigputy 80Q ¥, STReBE memactdutated can be
obtai ned from vendors such as, Sprague, Mal| or Aerovox, . etc. The comand

char gi ng swi YoHABEROHAURRIY prawvidsdiby ¥endogs such asknjversah¥oltropiss diambAv Edfle 1200
o TR BB S B 0% U Rt o
swi tch, al sgowedsapphieec@inectpdir serissdneyor phalOHdnIbirhtiohb i arbartgprogidenhieict or L
| is a cust om1 made i nduct or gade with 2 sets of pafr aI}I1 el w r!di ngs C(-120
turns each) R ivpltage, current, and average power requirements for the system. The
capacitor in the resonant charger 402 is comprised of two 450 V DC, 3100 pF,
electrolytic capacitors connected together in series. The resulting capacitance is 1550
uF rated at 900 V, providing sufficient margin over the typical 700-800 V operating
range. These capacitors can be obtained from vendors such as Sprague, Mallory,
Aerovox, etc. The command charging switch S1 and output series switch S3 in the
embodiment are 1200 V, 300 A IGBT switches. The actual part number of the switches
is CM300HA-24H from Powerex. The de-qing switch S2 is a 1700 V, 400 A IGBT
switch, also from Powerex, part number CM400HA-34H. The charging inductorL1 is
a custom made inductor made with 2 sets of parallel windings (20 turns each) of Litz
wire made on a toroidal, 50-50% NiFe tape wound core with two 1/8” air gaps and a
resulting inductance of approximately 140 pH . National Arnold provides the specific
core. Other embodiments can utilize different magnetic materials for the core including

Molypermaloy, Metglas, etc. The series, de-qing, and freewheeling diodes are all 1400
V, 300 A diodes from Powerex, part number R6221430PS.
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wire made on a toroidal, 50-50% N Fe tape wound core with two 1/8" air gaps
and a resulting inductance of approximately 140 gH . National Arnold

provi des wbha3sgmei fic core. Qther enbodi nments can utili zecaifsherasy
magnetic materials for the core including Molypermal oy, Metglas, etc. The
series, de-ging, and freewheeling diodes are all 1400 V, 300 A diodes from
Power ex, part nunber R6221430PS. 11 WO 03/087867 PCT/US03/11139 Once the
resonant charger 402 charges up CO a trigger is generated by a control

unit (not i t t i I i:f ches
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detai | bel ovran¥igetheenergs fiormed inka6i cBhe tyanstm simerfeons COgmEd és tipiealtypnibeyr i mar y
"w ndi ngs" connected i. arallel and a sinrghe.secandary. . w.pdi;ng"... The
secondary cooﬁgﬁfé)? gl’ls iwétrﬁtq‘ée) t‘frgte& hne&ﬁﬁ_mé CO%J\}‘drsqtbgb% PR rﬂ%tley\zaafl H'e%srt?errari es
wi th the resuitagd BAICT BEilE @p 16/fhd Allll deshied GBRAgel the volRSéRads 6h alsedond) an
auto-transfornmer configuration. The secondary "winding" is then tied to C

capaci t or banignehaswiteh LH2 murcontragd ghaipwisch saterates alariséarring thereaeigy onom C
(through the pulse transforner)..The.transfer..tine from to C2 j

ot ot mat oripResa PSS HRoRREY sad b 3 ReSiibd TR moR b ety The
appr oxi mat el tyandfodmBiH-badisalliyh@n¥idlst Gfareebiid ffn YRin®iy Cindifgs”Védnhedt€r and
product of the third magnetic switch LS3 is achieved and it also

sat urates, tpasalist andd single becondary Syinding” CThe secandate ceadustor sHdsdrio Bhe iglcs. 14A
and 14B. Thevo?t%éeu {e?rtmendal iorf] %Jeclgr?nqgr?esogviﬂlfﬁ% li’egul?%rt Xei S eé-%;l) ¥ati|'o' éecgrlhl'es 1:4

instead of 1:3 in an auto-transformer configuration. The secondary “winding” is then

tied to C2 capacitor bank that is then charged up by the transfer of energy from Cl

(through the pulse transformer). The transfer time from C1 to C2 is approximately 500

ns with the saturated inductance of LS2 being approximately 2.3 nH. As the voltage

builds up on C2, the volt-second product of the third magnetic switch LS3 is achieved

and it also saturates, transferring the voltage on C2 to anode 8a as shown on FIGS. 14A

and 14B. The saturated inductance of LS3 is approximately 1.5 nH.

Bias circuitry shown in the FIG. 1 at 408 is also used to properly bias the three magnetic
switches. Current from the bias power supply V1, passes through magnetic switch LS3.
It then splits and a portion of the current passes through bias inductor LS and back to
the bias power supply V1. The remainder of the current passes through the pulse
transformer secondary winding and then through magnetic switches LS2 and LS1 and
bias inductor L3 back to the bias power supply V1. Bias inductor L2 provides a path
back to the power supply from current through the pulse transformer primary to ground.

Bias inductors L3 and L5 also provide voltage isolation during the pulse in the SSPPS
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Bias circuitry shown in the FIG 1 at 408 is also used to properly bias the
three magnetic switches. Current fromthe bias power supply V 1, passes

t hrough maigresmseswi tch LS3. It then splits and a porti omcafusosrelisur r ent
passes through bias inductor L5 and back to the bias power supply VI. The
remai nder of the current passes through the pulse transfornmer secondary

wi ndi ng and then through magnetic switches LS2 and LS 1 and bias inductor
L3 back to the bias power supply V 1. Bias inductor L2 provides a path

back to the thr 1 mary
to ground. %&ggﬁei E\gpgé%?jsgu@gf C\W(l; te ‘gé&g@%&gﬂ I\%H%:rftgaéys F%[dlr{gn f{Jl)url ng
t he pul se i potdntialSTeRTattd 1ﬂ/!Be(S$/P®’87\816e?e PEebiddSdan&tibA9aresnaded t he bi as power
supply VI operates close to ground potential (as opposed to the potentials

generated in_the SSPPS where the bias connectl on c and
C2 capaci t andeLhAd ddde? capasitansesaiiveade dip qf. &rraih FOFB%?gé B‘HW@Hgomfl | m

capacitors Hqﬂ:%? oA copper
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make up a cylHendinteiadircuit dpacls mwdgelshaﬁdd@hc}i thats baardyinahel up aabrliﬂmlmar or
both the high voltage and ground c¢onnectiops. In su

i nduct ance Cap#aer etk Vaichdferdse siriindsicrlsbysnios botinthe Itléh HB}(t‘I‘get%’@ %’9\1%
oY £ 16 B B il

capaci t ance tb doth@Re pilse conditedsionine té:ﬂ)eamdxliﬁy omaplasmapmcamtlﬁ D]PFH;seIlfBOO V
capacitors obtained from vendors suc ny or. Vi shay

Roeder st ei n The tag} ¢apacitapes for &0 allfﬁgl@e 21@@1556@01*’%@ th%tomia@aﬁﬁaw forifr%ee
sections of ,capacid o Ee éb%ﬁl&?ﬂ é@a&?&h G 0. ?#@C E&(ﬂ)’? éaggcilto%l Binkd ‘ﬁ%!n{ age
rating si nce’the voI age on ondary or nmer 1s

about 5 W TRadés s@amamrﬁdﬁa(aﬁmaﬁiy@iwshagzmedé{stdm ifi NP @didkna. aRICR f rom
Wma or Vishay Roederstein. The SSPPS switches are 1400 V, 1000 A | GBT

swi t ches. THa@Paciianersis e pof see sscsomnalmprealopsitagked i sl teachions thiot ed
earlier, 8 par I S C The
SSPPS series’ i%odeosltag‘% gﬂ;ﬁ W&ggg%ﬁ{gg(?&stﬁgé%coggé&f%% %l%é)}rg;(gf S)m}caérr tlS nunber

R6221430. Tvdbodi DkES The €2 Ué}ﬁﬁiltf)ﬁrarQGth uF) 2880 B¢ é(ﬁhporfeﬁfsuilgallm@omﬁ)vmet ot al
of sixteen parallel devices netic swwtch LS 1 is m made_i nduct or
made with 1erddshaydoederptgin e]l"hg,\gw(%ﬁ%@gltches are 1400V, IOOOAIGBT sw1tches The

actual part number is CM1000HA-28H from Powerex. As noted earlier, 8 parallel
IGBT switches are used to discharge CO into C1. The SSPPS series diodes are all 1400

V, 300 A diodes from Powerex, part number R6221430. Two diodes are used for each

IGBT switch, resulting in a total of sixteen parallel devices.

Magnetic switch LS1 is a custom made inductor made with 16 sets of parallel windings
(6 turns each) of Litz wire made on a toroidal, ferrite core. The specific core is
provided by Ceramic Magnetics of New Jersey and is made of CN-20 ferrite material.
The toroid is 0.5” thick with an I.D. 0of 5.0” and an O.D. of 8.0”. Magnetic switch LS2
is a single turn, toroidal inductor. The magnetic core is tape wound on a 8.875” O.D.
mandrel using 2” wide, 0.7 mil thick, 2605-S3A Metglas from Honeywell with 0.1 mil
thick Mylar wound in between layers to an outside diameter 10.94””. Magnetic switch
LS3 is also a single turn, toroidal inductor. The magnetic core is tape wound on a 9.5”
O.D. mandrel using 1” wide, 0.7 mil thick, 2605-S3 A Metglas from Honeywell with 0.1

mil thick Mylar wound in between layers to an outside diameter of 10.94”.
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(6 turns each) of Litz wire nmade on a toroidal, ferrite core. The specific
core is provided by Ceram c Magnetics of New Jersey and is nmade of CN- 20
ferrite rmeO®Bgd867 The toroid is 0.5" thick with an |I.D. eCTAS03/11asd an

O D. of 8.0". Magnetic switch LS2 is a single turn, toroidal inductor. The
magnetic core is tape wound on a 8.875" O D. nmandrel using 2" wide, 0.7

m | thick, 2605-S3A Metglas fromHoneywell with 0.1 ml| thick Mylar wound
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inch O D. halvingly K@ g & apfaxial crase pectipn sketalnshosving theyphysica pgangesent phon

skeet oh Showi 09 e cRIY Sh8he JRRISHE Wedian! RRglilies FHEDCIR phllfePr oY

and secondar ndi ngsactua formed

fromtwo ci rgidlimps AdtRds ALdrmad fohddB chelheindsa20RneE aboB 88edas thah@dr | i ke

spacers 424. The secondary "wi nding" is conprised of 48 circularly spaced
bolts 426. T andzerklike snacersfed.albesesandarpr windingalis eamprisgd of 48 eimentlarht  a

| i near accel er at.or scribed in U S . Patent No, 4 66.. ;A _high
vol tage cur reradas 425, TS ftfiimnes Spteistip < fapd gioitiand 3w/ ge
rise in the geqeR@hara dewribed HOU.S. RRIGAIIND. 040! N66€ AUdLh V6ltdoB uiRértFBIsY in
voltage. The result is a voltage generated in the secondary w nding (i.e.
rods 426) edbalthieo primasy ‘twindisgs hadue¢ maveltage| nsggin phel sesonduy “vwaiding t he

| ow vol tage side.of the secaopdary winding i.s tied.to the primry .windings a
Four -1 ol at FRRETBRHED S © Y57 B0thaBl et nithe vesiitat o allGucinElet '

confi gurati QReorfdaRSwindfieqt.or ﬁ)dl&32@)rb$luhl40@lir€¢ Bates tHePriph Ak oltdde patser Bupwound
on a Molypermall oy magnetic core. The specific core dinmensions are a

hei ght of 0.sdice thelow litage sBle@fttre seaprilaryawinding isdied o gegprimarnavindings sunber

of the core flmslr-%_lé1 t?fgr(l)s c?r_mzatigtrl ?sr%rg/ﬁlélg inAirhE]so‘la(ljlto-transforrner” configuration.

Bias inductors L3 and L4 are both toroidal inductors wound on a Molypermalloy
magnetic core. The specific core dimensions are a height 0 0.8”, an1.D. 0 3.094”, and
an O.D. of 5.218”. The part number of the core is a-430026-2 from Group Arnold.
Inductor 13 has 90 turns of 12 AWG wire wound on the toroid for an inductance of ~7.3
mH while L4 has 140 turns of 12 AWG wire wound on it for an inductance of ~18 mH.
Bias inductor L6 is merely 16 turns of 12 AWG wire wound in a 6” diameter. Bias
inductor L4 is 30 turns of 12 AWG wire in a 6” diameter. Bias inductor 1.2 is 8 turns of
12 AWG wire in a 6” diameter. Resistor R1 is an array of twenty parallel resistors,

each of which is 27 ohm, 2W carbon composition resistor.

Polarity
In a preferred embodiment of the present invention, the electrical circuit as shown in
FIG. 1 provides positive high voltage pulses to the center electrode 8A as shown in FIG.

2,FI1G.2B1, and FIG. 2B2. The direction of current flow of each portion of each initial
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I nductor 13 has 90 turns of 12 AWG wire wound on the toroid for an

i nductance of -7.3 nH while L4 has 140 turns of 12 AWG wire wound on it
for an i wooBasmse7 of - 18 nmH.  Bias inductor L6 is nmerely l@cruseyia 12 AWG
wire wound in a 6" dianeter. Bias inductor L4 is 30 turns of 12 AWG wire
in a 6" diameter. Bias inductor L2 is 8 turns of 12 AWswire in a 6"
dianeter. Resistor RL is an array of twenty parallel resistors, each of
which is 27 ohm 2Wcarbon conposition resistor. Polarity In a preferred
enbodi nent h v,

G 1 pr oviTds MR A, 0o G E Ciebhichiy Bkl e BATBRA 11 s
shown in FI @econﬂaryﬁid’és oﬂﬁielransfnﬂnd?M% addBetwitrethd eleeddesn(Tife reaailer should | ow of
each portion of ch jni }I al 14 WO 03/ 087867 PCT/ USQ3/ 11139 _pul se |s shown
by arrows 409K thaglgeﬂgﬁa glgerony flasp sappoLieyh ffqirr%@rao rrept o) yUhgrepder
secondary Sig g&ﬁd%teta’fkﬁ tﬁeg%rﬂﬁﬂ {hQ‘Fa[tte?B&ﬁH@an%)@tﬁEQ tﬁe*&%rr‘é‘ﬁt%%&faﬁ?t%%ersé rhe
reader shoul note t |rec Ion of electron OW IS opposit

di recti on ofaséndicaed by thewdace Jkvav &a4OD inHIGUIB sooliae tied widtapd ah Odurslemg) t he

| atter portion of each pulse the current actually reverses as indicated by
the trace siibor HkYidyn risss faabout$reo that the voltage on C2 rises to

about +4 kV then rises to about zero. Reverse Polarity In prior art dense
pl asma focus devices, the central electrode is typically configured as an
anode w th the surrounding el ectrodvesaPohuityed as cat hode. Thus, the
polarity of the electrodes of the enbodi ment shown in FIG 2Bis

consi st ent i PHOX 3t dense plsma focus deviges, igsentral ei%trR%mmlwllrrwen%w@ﬁ art to
reverse the

ypi cal 1y baBangiblinihe hpRuRNEEHIRARH: clPBNs cablfle. R, b pdBiRor
G Dec ker @he alectrodebopdlid ERBAEMEN Shoha 1hf‘RiGPQBa§ icoysidtimialieh dis prie 4l asma
Focus, PhyS|cs Letters, Vol. 89A, Nunber 8, 7 June 1982). Applicants have
ina preferﬁ%‘ﬂm%oallwf@ﬂther@%?@wﬂsﬁ%rﬁplw%féh%ﬁ%tf%iﬁeé?owé‘/&?el | ent
perfornance cus
devi ce. égél {ehl?le lkgf'eri'ﬁ)é b%kl? gts{llﬁ)sgagm?ﬁllea{lét lof in p eﬁ'ﬂlqr?ﬂl%? ailg?éqrﬁ‘&{)lg

provide a Cist€Gl. Declas, éﬂaDV\‘ﬁ'E)derlﬁbﬁis Sbivihg the@obaiy Ridiksofahe Plasth®olilsE 1

circuit made this task relativel y
Physics Letters, Vol. 89A, Number 8, 7 June 1982).

Applicants have in a preferred embodiment of the present invention demonstrated
excellent performance by reversing the electrode polarity of a dense plasma focus
device. To do this Applicants modified the circuit shown in FIG. 1 to provide a circuit
as shown in FIG. 1D. The basic design of the FIG. 1 circuit made this task relatively
easy. The connections on DC power supply 400 were switched, switches S1, S2, S3
and S4 were reversed and diodes D1, D2, D3 and D4 were reversed. Also the polarity
of bias power supply V1 was reversed. As aresult the initial current flow for each pulse
was in the directions shown at 409A, 409B, and 409C in FIG. 1D. Thus, the central
electrode 8A as shown in the figures including FIG. 2B2 is initially charged negative
and the initial current flow in this embodiment is from ground electrodes 8B to central
electrode 8 A. The electron flow is in the opposite direction; i.e., from central electrode
8A to surrounding electrode 8B. Another technique for reversing polarity is to modify
the pulse transformer design to eliminate the “onto” aspect of the transformer. That is
to connect the low voltage side to ground instead of the primary high voltage. If this is

done polarity can be reversed by merely changing the secondary leads of the pulse

15



easy. The connections on DC power supply 400 were switched, swi tches S1,
S2, S3 and S4 were reversed and diodes D1, D2, D3 and D4 were reversed.
Al so t he woloangmy7 of bias power supply V 1 was reversed. PAT/s03/edsd t t he
initial current flow for each pulse was in the directions shown at 409A,
409B, and 409C in FIG 1D. Thus, the central electrode 8A as shown in the
figures including FIG 2B2 is initially charged negative and the initial
current flowin this enbodinent is fromground el ectrodes 8B to central
el ectrode 8 : | 11 i i L0 5 £l from
central el e'(?rtag1 gﬁggn%;.{q{l %&;I:SHSg\S(F\dg? dnfg?gégf g@? frggggeés%%% v%r%‘?ﬁ%!r)&? gcficrﬁlgrqoufg for
reversi ng pah@tasetyn veltdge rathetithan 4.t Bet tp ebmpensagrmbthenpiimagysediontcouk] bem nat e
the "onto" aspect of the transformer. That is to connect the | ow voltage
side to gro@ﬁéeq-nstead of the primary high voltage. If this is done
polarity can be reversed by nerely changi ng the secondary | eads of the
pul se 15 WD 03/087867 PCT/US03/11139 transforner. This of course would
mean in thi sAgplisentshexperiivents atedandnstratetl 36ine sukisidg imperveasatsiresultilg age
rather than 4. But to conpensate another primary sectioon could be . added.
9

Appl i cant s' feomdhisnghange frapelagibyro nAR riEPeHaRloHRPIBYGRAIL JF (1At PRSrIORIBAHAN s

resulting f i ) ] | ak] Al '! rt.ant .1 m; [ﬁ'ﬁﬂf LS. that
pre-ioni zat ir(é)(ﬁ’merrngéaﬁsia?%%%%@sﬂeg?%aaﬁﬁggwge re l}%ggegﬁl artréélwg)ﬁgonp elel%‘Zﬁ y

el i m nat ed. thg@hpasd perfihiagdegesdlRifton Ahslwedathedd topeeffeeresldng fromflicom a
hol | ow cat hode type effect resulting fromthe hollow portion at the top of

el ectrode 8AoHewspestianiah thg &p ohclestreds §inas showmpp FlGarts Mesedingnint s
under various_conditi ' i-nch IS . i hches
produced wi RPRETs biePLR G Rrghs Bon iR BB gh g St hBH MRt T,
i ncreases i rpifdiys prddubéd ol e Positipe tontal) @ctradé pelaffy. OAppNEntskeenae
Recovery In order to_inprove the overal| efficiency this fourth generation
dense pl asndngrersgsin Y autpub conid de a1pite pbaii arfastor fd¥@er y on a pul se-t o- pul se
basis of electrical pulse energy reflected fromthe discharge portion of
the circuit. Energy recovery is achieved as explained bel ow by reference
to FIG 1. After the discharge C2 Egef@yiRegoverggati ve. VWen this occurs, LS2

is already saturated _ ) )
In order to improve the overall efficiency this fourth generation dense plasma focus

device provides for energy recovery on a pulse-to-pulse basis of electrical pulse energy
reflected from the discharge portion of the circuit. Energy recovery is achieved as

explained below by reference to FIG. 1.

After the discharge C2 is driven negative. When this occurs, LS2 is already saturated
for current flow from C1 to C2. Thus, instead of having energy ringing in the device
(which tends to cause electrode erosion) the saturated state of LS2 causes the reverse
charge on C2 to be transferred resonantly back into C1. This transfer is accomplished
by the continued forward flow of current through LS2. After the transfer of charge from
C2 to C1, C1 then has a negative potential as compared to CO (which at this time is at
approximately ground potential) and (as was the case with LS2) LS1 continues to be
forward conducting due to the large current flow during the pulse which has just
occurred. As a consequence, current flows from CO to C1 bringing the potential of C1

up to about ground and producing a negative potential on CO.

The reader should note that this reverse energy transfers back to CO is possible only if

all the saturable inductors (LS1, LS2 and LS3) remain forward conducting until all or
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for current flowfromCl to C2. Thus, instead of having energy ringing in
the device (which tends to cause el ectrode erosion) the saturated state of
LS2 causewotohmsmsever se charge on C2 to be transferred regomarsvd/yiiback i nto
Cl. This transfer is acconplished by the continued forward flow of current
t hrough LS2. After the transfer of charge from C2to C1, C1 then has a
negative potential as conpared to CO (which at this tine is at

approxi mately ground potential) and (as was the case with LS2) LS 1

conti nues t { I j t : ring

t he pul se V\:%PC mﬁlaaggl}égstft;e &%g%gﬁée%ge%g%gt@dnggaﬂu%%géf &%Béfggtrl\stﬁ *P%%%%f rom CO
to C Dbringibagk inteCallishegdtive vithirespax td s mibidal StogrdouhargeaAtkhisponitiswingy a
negative potential on CO The reader should note that this reverse energy
transfers badrs pRenehby thejudseingwer gyl Inverting cirpuit comprising wdvdierjek d1ds (Ls1,

LS2 and LSS?Eg (& WBteib@d p@(;cﬁ}lél%gl@éfgxtow@ cAEL b r@lelsaPbr rp?@:gy:’()%%a %g;}%eer t he

PCT/ US03/ 11 substanti the energy I's recove

wast e ener gyesult girresvagas ek wheelingi(hé.pa Galf cleiof ringiimt dfitte WItED cieqfieast to
its initial stored charge. At this point switch S4 is_opened by the pul se
power cont r slamped\agrinstigversal ofi the cuggptindndistarddunt dpde B3 ayith the pétirgsudt at e

di ode D3 coypleg. L. g gsu&g%\gﬁ@ﬁg; iR @@g@%@ﬁ%tﬁ%opﬁ&rr%% He & @s the

result of resonan cle ringrng

LI - CO ci r cuivhiéts othetvdsedulddaie sontfibwed &adhe @fosidicofaki¢ elettkodenis recsetedr L1 by
diode D3 with the net result _that the energy is recovered by the partial
rechar gi ng deducg tip ehasgig aequirgmeatsdeigific foligveng sulser wi se woul d have
contributed to the erosion of the electrodes is recovered reducing the
charging requirenments for the follow ng pul se. Inportance of Qutput Switch
As shown in FIGS. 1 and 1D, thénpeéttsee pPOaIpus$&itelin described in this

i nvention possesses an output switch that perforns several functions. This
switch, LS3s shovein FiGfirleand $Da theapulseapwicr sysigat described i thés hyertiont o as a

. LS3 shroin FiGH AT TR BesCrE IR s nepEion o o
ae o i o1 devpaen SRR B Bidorlisel el BEE e T SPdL LR e, “unc T

t he induct orfigead, ¥ ak&eradle MBudier WhidR weltefe@id ad b evignéy switdhoUts eplained
nanoseconds after which the bias current re-biases the switch prior to the

start of tabovmsttispigsed bybiasieirguitry 408s0(@sde iitiakhphely adbesrenaBewtat 480 ni cro
seconds | at e(‘)reginning of each pulse until the inductor saturates at which time current flows for
about 100 nanoseconds after which the bias current re-biases the switch prior to the start
of the next pulse which at 5 kHz (for example) comes about 200 micro seconds later.
This switch is very important for allowing proper operation of the source at high
repetition rates. Although some EUV sources have been developed without such a
switch, their operation at high rep-rates can be erratic in output energy. In these cases,
no switch exists between the energy storage capacitor and the EUV source load. The
issue is that the source load may not fully recover in the short time between the last
pulse and the time when voltage is applied to the energy storage capacitor in preparation
for the next pulse. At rep-rates of 5 kHz, only 200 ps exists between output pulses.
With many of the other source designs, a significant fraction of this inter-pulse period
would be required for charging of the energy storage capacitor. Thus, even shorter time
may exist between the last pulse generation and the initial voltage application across the
capacitor (and also the load since no output switch exists to isolate the two). Problems

then exist when this time becomes too short for the plasma from the last pulse to cool

down and recover (hold off voltage application in anticipation of the next pulse). Asa
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This switch is very inportant for allow ng proper operation of the source
at high repetition rates. Although sone EUV sources have been devel oped

wi t hout swolv3ms7sswi t ch, their operation at high rep-ratespcaruSogiasyatic in
out put energy. In these cases, no switch exists between the energy storage
capacitor and the EUV source |load. The issue is that the source | oad may
not fully recover in the short tine between the |ast pulse and the tine
when voltage is applied to the energy storage capacitor in preparation for
t he next pul =r : LShSnlt ut

pul ses. Wtr%%#é% %’ teh{(i:‘lg}gt8 ﬁgfr(dos%%ulrj%én ggesf%{ %ﬁ%@%lgﬁgﬁf@??gﬁﬁﬁb é@ %dgn of

t hi s inter- puleaehpescooety isvaot shffixdente Racaesd the breakdovgi pcess i$ batistival gy
storage capacitor, Thus, even shorter tj may .exi st. between the | ast

pul se gener 8165 tB5E candlsorheryigde V@B?‘E%’é‘n'gﬁ&ﬁ%é‘?%ﬁo‘é%ﬁ% saCﬁﬂ%to REgsaci t or

(and al so tRe;hoad i3 L%%n&#%ﬁw&nég% feGd)s EXhiS bsus éjsi%rﬁﬁ%a?ft ?Wgoibg?giﬂme

Probl ems then exi st IS tine comes too shor asma from
the | ast pullskodraphyoapplicativansiacedenicegw g@bilithahd dosd coratd age vegypinpoatahon i n
anticipation of the next pulse). As a 17 WO 03/087867 PCT/ US03/11139

resul t, the PSEARIS FRAPIAEHRABM again prematurely at | ower -t han- nor mal

vol tages when the recovery is not sufficient. Because the breakdown
process is statistical in nature, there can also be wide variation in the

br eakdown vOfHeagestadeaddiemtpudsiviset) &.S3 wathic ddveation descisibadheeein i thatit dakV
energy levels. This causes significant problens in the |ithography
appl i cat i on psripEe wNerhfunctigns which helg Qoglamingtet iy isspe of drgmatuisolaagdnt

paramet or s QL 00GeERuE A0 A buT e AR RIS Uit B PHbRMc Gy S3 11

the i nventi on descri er el orm sev ncti ons

whi ch hel p taadeldisdevatpeevicht surteastivehl ffightihd Ball 0Ad a rbsubkslosergyl ibtt he
normal pul se generation, the LS3 swtch acts as a magnetic swtch and a

di ode to pr ebserbed by thenload isasfleied bagkagghe tibal| styage gpagitareStvhergsy ener gy
not absorbed .t he | i l.e . I gt ) e
capaci tor, éﬁer\%&éé fee%?}ﬁegg&i%%dzsrt‘é@& if%rq}rsggvcl)@lgtﬁgBé)grg%‘psgt(%spdeeé&?é oerd etﬁg{ée?\%} tt t he

next pul se (s3&idiaHEnBSR&VEryRIn this akner S@RtdydNquitklizaan@ed Ropomeloa. | n
this manner, energy is quickly renmoved fromthe |oad after the main pul se
gener ati on aier the mpjarmedsgrasneratiompndischeretore oot allayved|to conténuallyoscillggt i | it

i, Z dLnga![ lhg U ﬁ?s”ﬁ?&a‘ﬁ&%x'lé{ céjnilﬁgtiegfa&igsgipaiterh ih Iﬁ?e llogdle &aﬁhaa.l ST he-[gs? B r&ﬁllcg the! ©
_energy deposited into the load plasma and allows it to begin the recovery process as
soon as possible after the main pulse generation and EUV output. In addition, the LS3
output switch provides isolation between the last energy storage capacitor and the
source load, allowing the source additional time to recover prior to the next pulse being
generated. This switch allows the last energy storage capacitor C2, which we refer to
as the discharge capacitor, to begin charging as soon as the LS3 switch is reverse biased
after the energy recovery process is completed. The design of the bias circuit
(including bias inductor L4 and bias power supply V1) can be developed to allow LS3
recovery in sufficient time for charging of C2 in the next pulse generation sequence at
rep-rates of at least 5 kHz. The LS3 switch is therefore initially reverse biased (not
conducting in the forward direction - towards the load) up until the time when it
saturates (as the voltage on C2 reaches its maximum value). The switch then allows
energy transfer from C2 into the load and remains forward conducting until the energy
recovery cycle is completed and reflected energy is recovered all the way back onto CO.

After this period of time, energy from the bias circuit is applied to the main pulse
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energy deposited into the load plasma and allows it to begin the recovery
process as soon as possible after the main pul se generation and EUV

out put. Iwoadasisson, the LS3 output switch provides isol 2cirarsobetisgeen t he
| ast energy storage capacitor and the source |oad, allow ng the source
additional tine to recover prior to the next pulse being generated. This
swtch allows the | ast energy storage capacitor C2, which we refer to as
t he di scharge capacitor, to begin charging as soon as the LS3 switch is
reverse bhia deS|gn
of the bi ae SPrRrpRErb A Rl CRR KR o KR Sl SRTES TR fon 0TSV
can be devel@pedthisoisadckomplishdd, thecahaetiyg iofi CQedr eakentladei agairf orthotxathgi ng of
C2 in the next pulse generation sequence at rep-rates of at |east 5 kHz.

The LS3 swi tRotentigl iserod sy lead breakiag #9%@%?%651 §we thedor3 svashgaR pPWg i n

t he forward r ad) up until the time when it
saturates (ag&%ﬁ%é ageé[?g%@nrrﬂgsggjﬁ s its maxi mumvalue). The switch then
allows energy transfer fromC2 into the |oad and remains forward
conducting UM jeb-rhB@feR TRIY Yourt &GAMESENRMRY Baveto €RIFRH afl @ wadtorefidieched
energy is recovered all the way back onto CO. After this period of tine,
ener gy fromaréer thinzest EUMVcssiurce povegp péquatgmentst thesemissues pill becorge s\on0B¢e87867
PCT/ US03/ 11139 i.on gl rcuit and t he c Ie by reverse

bi asi ng t he imeSrgihoTien s e BB Wi BRa e St rRERalS Fhe” char gl ng of
C2 can take place again WIthOUt the potential issue of the | oad breaki ng

down prematurely (since the LS3 switch can now isolate the voltage on C2
from the | odd{iS. AB and( shoestestoesuis\rgnarfoesh generaicorplasand pintlapwtatgpeext end

[l th 10 t t EUW
? hese ?s\é\ﬁg e:))(lclei WO&Féﬂeh’Hf%ﬁsgﬁ'&F@fﬁ{ oL (lsiﬁ%cp%\%\gs tf“ﬁhgu' r %%%'His pul ses
wi |1 becone alcriieRs § ARhbREd pldi&FRiodd BigRROWHEXSHG A4 ﬁ@tacﬁ@s%lst s froma

fourth generation pI asma pi nch prototype device. FIG 1 B shows the pul se
shape on capacitor C2 and across the electrodes and FIG | C shows a

measur ed photo di ode si H GH TEMPERATURE
ELECTRI C DI SCHARGE EM%%%@%@%W@%@ T rate reliabl e,
| ong-1ife pul se power system desgpiybesk oppys/eay be

The high repetition rate reliable, long-life pulse power system described above can be

utilized to provide high voltage electrical pulses to a variety of extreme ultraviolet or x-
ray devices. These system included a dense plasma focus device depicted in FIG. 2A,
conventional Z-pinch device shown in FIG. 2B, a hollow cathode Z-pinch device shown
in FIG. 2C, and a capillary discharge device as shown in FIG. 2D. In each case the light
source is generally symmetrical about an axis referred to as the “Z” direction. For this
reason these sources especially the first three are often referred to as “Z” pinch light

Sources.

Dense Plasma Focus
The principal feature of a dense plasma focus EUV device is shown in FIG. 2B. These
are anode 8A, cathode 8B and insulator 8C and a high voltage pulse power source 8D.
In this case when high voltage is applied a discharge starts between the cathode and the
anode running along the outside surface of insulator 8C. Forces generated by the high
plasma current, forces the plasma generally upward then inward creating an extremely

hot plasma pinch just above the center of the anode.
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utilized to provide high voltage electrical pulses to a variety of extrene
ultraviolet or x- ray devices. These systemincluded a dense plasm focus
devi ce depoosesisen FI G 2A, conventional Z-pinch device showsos/mniisd G 2B,
a hol |l ow cat hode Z-pinch device shown in FIG 2C, and a capillary

di scharge device as shown in FIG 2D. In each case the light source is
generally symretrical about an axis referred to as the "Z" direction. For
this reason these sources especially the first three are often referred to
as "Z" pinch lﬁpa{m I b UG of a
dense pl asmahF cus ?‘:télg%gg@?g%glg@;?tﬁé S€P§&2§g%%é%§% g? Elcgﬁlgg}gfegk

cat hode 8B ahosenrspscaillyrioBibisdipht sountegh pm:ddca@é] pulsesaofmbmmrs @wadsvdth I n

this case when high voltage is agglled a dis rge starts b%t en the

cat hode and Puke dutatienokabert HY te28p% SOA&s-obk 4 Y 8 prgigrigerdwhichdnayhest sc.
F [ 1
ipvard Shen Phgagreidtzet] SBrovlddaTReLHbd lmort REGAT LAE PRADADIGRREL 2, Y

center of t Berialnde.e09/d9,080 Wiich BSicén R(CDIPDO3d b 1dBrenddleerpiar amet er s

speci fied above for the pul se power systemshown in FIG 1 were chosen
especi al |y fiaE- M]3 shqwcrgﬁscﬁee@ortqf g afourth ganeration glasmppineh EUY0 0
volts with r t a
prei oni zer l%ﬁ ssoﬁlr&u‘l ﬁ%h?%ﬂt%d?%%a bﬁ%&’é‘%%ﬁ?%ﬁh ing é}gt\?ls %L%E B{)j)‘lyev%(crl bed

in more det Esyitemme'sbr&dﬁﬁ'ﬂ:l{ﬁltl Amhy 6fthe @lectrizal C(ﬁhpd‘ﬂﬁntsﬁefeﬁ@ﬂ)t(ﬂﬁﬂ)vmme:h has
been incorporated by reference herein. FIG 2A(1) shows a cross-section of

a portion ofdesighaed tntflﬁe%éﬂét F¥h 2&(%)5‘?(&“&%%‘) cleptrefipregionpitbe devical | v

built and te b [ t stem
descri bed i nﬁ{’—“Yvég 1§ gﬁ%gér d%é’? tﬁ%e r| ca O(rﬁigtrir%(s)annedlr‘lt S P?alél?g @33’& lzea ove
are desi gnated AIG. BAB) @A(&AWIngldﬁthafh(uah deBeratibh dewit® slifwihf) enagl @€ thieode
regi on of the device show ng reater detail the anode 8A, the cathode
8B and t he se}fecﬁm@aba@nmr@ntsmhewm (BZA(Dand ajseshpwing vacHumdi ng of t he
fourth generation device showi ng many of the electrical conponents shows
in FIG 2A(l) and al so show ng vacuum 3. Conventional Z Pinch A
conventional Z-pinch light sourceCémestichahZiRindd G 3. In this case the

di scharge starts
A conventional Z-pinch light source is shown in FIG. 3. In this case the discharge starts

between the anode and the cathode along the inside surface of insulator 9C. The forces
generated by the high-current, forces the plasma to the center of the cylindrical volume
formed by insulator 9C and causes the plasma to pinch with extremely hot temperatures

near the upper end of the volume.

The pulse power circuit shown in FIG. 1 with the components described above would
work for embodiments of the conventional Z-pinch design, although persons skilled in
the art may choose to make changes to coordinate the parameters of the pulse power
electrical components with specific design parameters of the Z-pinch. For example, if
5,000 volt pulses are preferred this can be easily accomplished simply with the same
basic circuit as shown in FIG.1 but with one additional one-turn primary winding on the
pulse transformer 406. With this design a preionizer is usually provided to help initiate
the plasma at the start of each pulse. These preionizers may be spark gap or other

preionizer source and are usually powered from a separate source not shown.
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bet ween the anode and the cathode along the inside surface of insulator 9C
The forces generated by the high-current, forces the plasma to the center
of the cywopndwsmel vol une fornmed by insulator 9C and cau®es/ush&ipbasna to
pinch with extrenely hot tenperatures near the upper end of the vol une.
The pul se power circuit shown in FIG 1 with the conmponents descri bed above
would work for enbodi nents of the conventional Z-pinch design, although
persons skilled in the art may choose to nake changes to coordi nate the

paranmeters of the pulse power gl EsBbdS2RRENtS Wi th specific design
paranmeters of the Z-pinch. For examR)){e, %)? 5,‘860&0 volt pul ses are preferred
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Z-Pinch The hol | ow cat hode Z-pinch shogwn in FIG 2C.is very simlar to the
convent i onalthghollgwregionPheat therginping of grchmylse pden thedighyokig@eineigases irg gur ed
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and el ect r onsvi@h &o Naitidtcatht WigehardelCc elthendisdhatdeeistroferredl to tabdhakhimlg| wen rselgi on 9E
at the beginning of each pul se when the high voltage increases to a

suf fici ent| yniig®H- | evel . For this reason this design does not require a
high voltage switch to initiate the discharge. The discharge is referred

to as_havi ngyRgens *hfg'é»oigg%,\%f;pﬁ%s;ﬁo}v}??g FIOST B%ebViflc BAYLHRLABE iR, | 1

FIG 1 to provide Sig t saturabl e hduct or
L53 coul d behelastmianatisld imiuctor $58 2bule beaslintiaated obits anlue adduged sibsmatialhe

devel opnment of plasma in the hollow in the cathode serves the sanme purpose
as sat ur abl sincgdgdeyelopmgnigyt phasm ip ghediallomnia thg caghode gerventhe same Bupeski ng

i1 : ticlant L . y
subot ant1 al 15 “THF SRS rRARIARE thiaRonRSE Thilhe ekl BRI,
si gni fi cant Isyffivighigrchprged ahstopdrmgéifig current to flow substantially unimpeded.

This hollow cathode Z-pinch may be designed for significantly higher pulse voltages
than the first two designs. This is no problem with the power supply shown in FIG. 1.
A discharge pulses of, for example, 10,000 Volts are easily provided by merely

increasing the number of one-turn primary windings of the transformer 406 from 3 to 9.

Capillary Discharge
A drawing of a conventional capillary discharge EUV light source is shown in FIG. 2D.
In this design the compression of the plasma created by the high voltage discharge
between the cathode and the anode is achieved by forcing the plasma through a narrow
capillary which typically has a diameter in the range of about 0.5 mm to 4 mm. In this
case the pulse duration is in the order of about 0.5 microseconds to 4 microseconds as
compared to about 100 to 500 nanoseconds for the embodiment shown in FIGS. 2, 3
and 4. Also, the pulse voltages are typically substantially lower, such as about 1500
volts. However, the same pulse power system provides an excellent electrical power
source with minor modifications. A simple modification is to eliminate the last step of

magnetic compression which is accomplished by leaving off the C2 capacitor bank and

21



than the first two designs. This is no problemw th the power supply shown
in FIG 1. A discharge pulses of, for exanple, 10,000 Volts are easily
provi ded w9 ose8m6y i ncreasi ng the nunber of one-turn primamyuses/nddngs of
the transformer 406 from3 to 9. Capillary D scharge A drawing of a
conventional capillary discharge EUV light source is shown in FIG 2D. In
this design the conpression of the plasma created by the high voltage

di scharge between the cathode and the anode is achieved by forcing the
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the LS3 saturable inductor. The peak pul se voltage could be reduced to
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background section of this specification, a prior art technique f
produci ng exesaibed allbctweaP'riotGttebhlg'qmesoypi@di{ymhzermyé stats lasersisgeh @IQ}BWltqiul se

I t I th I
br oduced i b N A laSera Bl nehuiR ofRE TeBanr S WanSoam bucvereERhpRveS
typi cal ly Uinhb 28oRb fics sakhalasepfsstloRae Ratd o it ifeAasais punped

wi th diode | asers | anps)” to produce very high power nano-second
or pico secamybeahﬂanmlh@emmnmlb agthe aéto@tmmajmdanmfmdglbbvmbas lgthiumhi ch

uth s 11 t ARSI G RAKAHCERS B GRR0E SIS I GiRS AeRHT cROMBEL R,

produce debrj.s, aﬁq { Qburkbese deeérmea lfsm sI paBht QU668 Bse %@@%txbﬁm in
U. S. Patent "Nos. 68, 848, 5, 539, 764,

5,434,875 all of which are mcorporated herem by reference. These prior art patents

teach the use of an Nd-YAG laser for generating the plasma and the use ofan Nd-YAG
seeded XeCl excimer pre-amplified and an XeCL excimer amplifier for producing the
high power (such as 1 x 1 0'"” Watts) very short pulse laser beam for generating plasmas
in target material. Other laser systems (including excimer laser systems) have been
proposed for producing x-rays (see for example, M. Chaker, et al., J. Appl. Phys.63, 892
(1988; R. Popil et al, Phys. Rev. A 35, 3874 (1987); and F. O’Neill et al., Proc. SPIE
831, 230 (1987). Applicants have determined that many of the novel features
developed by Applicants in connection with Applicants’ development of their plasma
focus devices can be applied with respect to laser produced plasmas just as well as

plasmas produced by the various pinch devices shown in FIGS. 2A-D.

Applicants’ employer is the leading supplier in the United States and internationally of
excimer laser light sources for integrated circuit lithography. These lasers are KrF
excimer lasers operating at 248 nm and ArF lasers operating at 193 nm. These lasers

are extremely reliable, typically operating 24 hours per day 365 days per year with up-
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5,434,875, all of which are incorporated herein by reference. These prior
art patents teach the use of an Nd- YAG | aser for generating the plasm and
t he use oWoan/ 086 ¥AG seeded XeCl excimer pre-anplified amdTarsoXe@s exci mer
anplifier for producing the high power (such as 1 x 1011" WAtts) very
short pul se | aser beamfor generating plasmas in target material. O her

| aser systens (including excinmer |aser systens) have been proposed for
produci ng x-rays (see for exanple, M Chaker, et al., J. Appl. Phys.63, 892

1988; R Popi 74, % , i t al.,
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| aser produdd83piThe preragapawei of Whese lagers has lsraasedsfroraabey loWattie 1984 tous

pi nch devic h in F 2 ' t.s' ﬁmg | S .t eadi ng
supplier i n%ﬁﬂét WW@@%@?’%% %gp}lﬁ?éﬂru%}ag%gd%g}) y (S’?X‘q’eé&dc;ﬁjﬁgpﬁf}gs@géﬁ i ght
sources for endigg® Mo EmI . Chdchniquédto dicredly repEtifsierated oEthesedisersits 5,00@¥Ci Mer

| asers operatnﬂg at 248 nmand ArF | asers Qperating at 193 nm These | asers

are ext r emelY.q0BHzse describest indl-5yPasymé Arplicagion A0R 81,4 36 Hea ingrporstsd hergins per
year with up, 22fe¥\Dc(e)3/ 087867 PCT/US03/11139 times, on the average better
t han 99 percé’r{f:. D ng the past several years pulse repetition rates of
t hese | asers have increased fromabout 100 Hz in 1990 to 4000 Hz in - 2003.
The average power of these |asers has increased fromabout 1 Watt in 1990
to about 1Zpphgants behewotBt thehexopupbss lasefusystamncyreenilyontusg Gisribe depdinghe

current pul ener i.S abou nd,. Techni ques. to ingrease.repetition
ot esof 't hatroraRrlen 3o 888 B 2R Manep B Tp U e e B E AL o
Appl i cat i on yl@4iSiée Bl ialtBO ringe QFNQtat BOnME Bitatplétyofl BER 188G SystdBplatecant s

believe that the exciner |aser systens currently in use as the |eading
| i t hogr aphy desgihed smihedellawin@ 1igS. Rateatsnd @atephanphinatisas adight aseiincorpprassd de

Phser yst et B Rlehd b DRy 61085 S ToobP S AR, FAPTRE SRl "eoC
appl i cati onpapdi A@gﬁéa@iohﬂ@f&%!@?ﬁ@@%?ﬂ@! T0/62,002f R0/636:676, 44dS.0/FRat9ent S:

6, 128, 323; 6, 3302 6,442,181, 6,477,193 and U. S. Patent Applications:
09/ 854, 097, 09/943, 343, 10/012,002, 10/036,676, and 10/ 384, 967.

In a laser-produce plasma light source the laser energy is absorbed by the inverse
Bremsstrahlung mechanism. Due to their shorter wavelength, excimer lasers can couple
energy more efficiently to the target plasma than near infrared or visible laser radiation
from (frequency-doubled) solid state lasers. (The plasma frequency and thus the critical
density is higher at shorter wavelength of the pump laser.) Due to their shorter
wavelength, excimer lasers can (if desired) be focused more tightly to a (diffraction-
limited) spot size than longer wavelength (e.g., solid-state) lasers. This increases the
power density of the source. The excimer laser should be a Cymer laser, since these are
the most reliable ones in the world. If desired several excimer laser beams can be

combined in one spot. This permits power scaling.

One or several excimer laser beams are tightly focussed onto a (gaseous, liquid or solid)
target inside a vacuum chamber to generate a hot laser-produced plasma. When the
proper target material is used and the right mean electron temperature is reached in the
plasma, EUV radiation at 13.5 nm can be efficiently generated. Suitable target

materials are xenon, tin and lithium. Xenon has advantages with respect to lower debris
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infrared or visible |aser radiation from (frequency-doubled) solid state
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The excimer pump laser should preferably be operated with krypton-fluoride at 248 nm,
since this is the most efficient excimer laser and since associated optics issues for the
focussing optics are less severe. The excimer laser preferably is operated broad-band
and in a MOPA configuration, since a very high output power is needed. The laser pulse
duration should be as very short (a few nano seconds such as about 20 ns), since it has
to be matched to the plasma expansion time. The peak power will be high. In
preferred embodiment the laser is operated at repetition rates of 10 kHz or higher, at
least at more than 5 kHz. To increase the effective repetition rate, one may also
combine several lasers operated at suitable different times in the interval. This depends
to a large part also on the target configuration and replenishing rate of the target
material. It is advantageous to have a tailored laser pulse that is incident on the target.
In a preferred embodiment a pre-pulse portion generated for instance by the excimer
laser oscillator (which may bypass the power amplifier in order to minimize the travel

time to the target) containing up to a few percent of the total laser energy arrives at the
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and reproduci bl e target conditions when the source is operated at constant
repetition rate. (A crater will be forned, but a given, fairly constant
shape wi IwWoagnsasstal |y evolve at a given repetition ratepPogtusegniishe | aser
pul ses.) The excinmer punp |laser should preferably be operated with
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WD 03/ 087867 PCT/US03/ 11139 target first to forma pre-plasm. This
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opti cs nmountBgidahespdnsive tiynes Are dir thabrdet obehi-Nd0 @in pernanosgtond. ndow. The
objective is to achieve a focal spot of less than about 100 m di aneter.
The spot size depends to sone extent on the |aser pulse duration (10 to 30
ns), since t 1.Qn QG| i . In
short, the |§§é§eg§f§§% éu?égﬁegrllnn i@éﬁtclgtt ee%gﬁ%iﬁngﬁ%%%ﬁg%ﬂ%ﬁ%aﬁéggﬁi ze
smal | enouglpaténoapidieptiénsl ppodiee paetyi lme-rafrotved pplsad sertbegint | linetnagetvbdto duri ng
the main heatin eriod. Typical, expansion tines are on the order of 10 -
100 m per naﬁbegfgfhgﬁ@. Orfess. |T£§@en§9%f0@%n%1&w%@ammoeé@0&i Heweper; theseapove

Identified gqygf g%ferﬂ e o%@lta?é?itﬁoeﬁﬂgnd in which the bandwidth of the output pulse laser

beam is about 35 nm for KrF lasers with the line center at about 248 nm. Broadband

operation permits substantial increases in energy of the output beam. For example, a
KrF MOPA system of the type described in patent application 10/384,967 could
produce 330 mJ pulses (as compared to the 30 mJ line narrowed pulses). The
instantaneous pulse power for the 20 ns pulses is about 165 x 10° Watts. According to
experiments performed at Lawrence Livermore Laboratories (J. Appl. Phys. 79(5):
March 1996) using a Nd/YAG laser, the maximum EUV output occurred at a laser
intensity of 2 x 10''” W/cm?. While maximum conversion efficiency (EUV energy

2. These experiments

output/laser energy input) occurred at about 2 x 10" W/em
indicated not much variation in results with changes in wavelength. The pulse duration
in the experiments were not much different from the 20 ns pulses of Applicants
employers’ excimer lasers. For the 165 x 10® Watt pulses therefore Applicants prefer
spot sizes in the range of about 0.1 mm” which would provide intensities of about 1.6 x

10" W/em? which is in between maximum efficiency and maximum output.
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out put. 25 WD 03/087867 PCT/US03/ 11139 The energy of the |aser pulse is
about 330 mJ so at a conversion efficiency of about .006 the EUV pul se

energy is abinplicantsdiyshess toldthas opensifuturs BU Y dithegsadyydeachines hawe dgsires

producti on a 12 VWAtts, Q 0.percent. ~af.this |ight can be
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focus such as location 11 In . this requirenent is sever al

(at |east 5)wavelngth, higheherifical uleasifidhathe sobdustateinsent diiver oo itdngwntheon
devel opmrent c%];lvecr(s)lgxrlee? 18Qr(1jclynglould be higher for the excimer-laser produced plasma as

compared to the prior art NdYAG laser.

About 10 kW of laser power will be needed to generate the required EUV power of
about 100 Watt at the intermediate focus of the lithography tool. With expected
improvements in demonstrate conversion efficiencies, each KrF module (broad-band
operation at 248 nm) can be expected to provide about 1 to 1.2 kW of laser power (e.g.
6 kHz repetition rate operation at 200 mJ/pulse). A total of nine such modules would
deliver the required laser power. More than 200 W of in-band EUV radiation would be
produced at the source (2% bandwidth into 2x) and about 100 W in-band EUV could be

collected and delivered to the intermediate focus.

There are different ways to combine the laser beams (multiplexing). Laser beams can
be (nearly) overlapped optically by mirrors and lasers beams can be focused through the
same lens from slightly different directions onto the same focal spot. The lasers can

also be triggered in a staggered fashion such the effective repetition rate is increased,
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|'i t hography systens that can handle EUV power in the 100 Watt range. Since
the excinmer |aser can be expected to couple energy nore efficiently to the
pl asma ( sWoroBes7semavel engt h, higher critical density) thamrca/sod/idsst ate

| aser driver at 1.06 gm the -conversion efficiency should be higher for
the exciner-laser produced plasma as conpared to the prior art NAYAG

| aser. About 10 kWof |aser power will be needed to generate the required
EUV power of about 100 Watt at the internediate focus of the |ithography
tool. Wth [ j ] [ iGhLBACI es,
cach K F o O e O L s B e Bl

provi de aboor instancd,.tdpkily of thk agetitipnwste wWith three 16sck slysterep &t atiouon8 kélize
operation at 200 ml/pul se). A total of nine such nodules would deliver the
required | aSe&8MpEaMPle: More than 200 Wof in-band EUV radiation woul d be
produced at the source (2% bandw dth into 2n) and about 100 Wi n-band EUV
could be collected and delivered to the internediate focus. There are

di fferent wWayGs. 4 shooswht aabddimehtskdre hedaser hemlstfioph sxerablhser hadeles bedies can
be (nearly) pverlﬁf ed optically by mrraors and | asers be?ns can be focused
t hr ough t he aimegha lgfﬁr@nwwxaﬁ ofthe ifgcugingrlenseand madestorspaid vopieslap futheane

focal spot. : t K] : } ¥ i such

the eff oot | SaTTsRECwER coRtpanitEud dE ARZHES of s Tast) RURRS MeRFEE, 1750
provi ded t henfia¢EUViradiitapl ieooltdead dvasd lagraughlat faage byt the atults-lisepdoatedhe hi gh
repetition rate. For instance, tripling of the repetition rate with three
| aser syst edisticgllegionmimog apgidirectechiogthe dermediate focks. 4 shows one enbodi ment

where the | aser beans from several |aser nodul es can be ained at different
portions of the focusing |lens and made to spatially overlap in the comon

focus whi ch Regrre eP6REISs hfothéreethbedinenwhtret the 1hss eHeat (Bt advirhlaksd. The
emtted EUV radiation is collected over a | arge angul ar range by the
nul ti - | ayer meqshiesd@re qverlapped i # eemigen faserfgeu wpuatefagsing ophies fProBenedi at e

focus. Figure t&ﬁa??ﬁ!‘ﬁn@?ﬁ% h_L: rﬁﬁ’f‘&ﬁgﬁ PENe tMPSL8 tﬁrﬂﬁ ﬂ?e%@{al Qﬁe%riﬁ’f sfilr'i]ﬁ{@
several | aser ITDC?U es are over apped N a comodn %ser ocus V%t separ ate
f ocusi ng optfirsscollectosMirtor. Thistehbol@s@it nhkagrase ofike faastiat he I irahativan be

focused t hrough several openings in the o )
generated from the laser plasma has an angular distribution that is peaked to some
extent in the direction of the incoming laser beam (and weaker at angles orthogonal to
the laser beam). Inthis embodiment, the regions of strongest emission are not blocked

by the space required for the beam delivery device.

- Target Delivery
The preferred target for the laser plasma is a so-called mass-limited target. (Just the
right amount necessary for the laser-produced plasma is provided, no more, in order not
to increase the production of debris unnecessarily. For xenon, a preferred target
technique is a thin liquid jet. Cluster beam targets and spray targets may also be
employed using erosion resistant nozzles. For metals (tin and indium), liquid metal
drops, immersed in a helium beam, are suitable. A nozzle, mounted from the top,and a
target beam dump mounted below, comprise a suitable system. See FIG. 4B. The
plasma-facing surfaces may be coated by a thermally conductive thin film, like carbon

or diamond coating, to reduce erosion, since ion sputtering is reduced.
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first collector mrror. This enbodi nent nmakes use of the fact that the EUV
radi ation generated fromthe |aser plasma has an angul ar distribution that
i s peakedwbDm3®81887 extent in the direction of the incom ngcrasesi1tieam (and
weaker at angles orthogonal to the laser beam. In this enbodi nent, the
regi ons of strongest em ssion are not blocked by the space required for
the beam delivery device. Target Delivery The preferred target for the

| aser plasma is a so-called mass-limted target. (Just the right anount

necessary for the 'aser'EA@@?(‘??@%W%%@PP@R‘TE@’E?%IN@{ more, in order not
e

to increase the production o ris unnecessarily. For xenon, a preferred
target tecHiieqo®r iptasmatdourcel Hag thedadvahtagdsl afdtigh sdaeesrbitightoess $smaltlsapeay

targets nmay al so be enployed usjing erqsiqgn resistant nozzles. For netals
(tin and i ndiolye). PO gigsipn %fiéi’rﬁr%’iﬁ'éf,a“?%}f‘@ége Aisadvantageat gh spstate

sui table. A NAZzhe, ;MHAC R RTLARE doARers®ained FhGkc GEORasTR4Nt ed
a %’ee Ef& B clf{]e p% S %})

bel ow, conprise sul tabl'e system a acl ng surfaces
may be coat edvintagestofelireed toupting dfiche slecttibdlrentigynntol this imchr flasma aid df anond
coating, to reduce erosion, since ion sputtering is reduced. 27 WO

03/ 087867 PcYnplspty: it hasthe disadyautasenafglectiodperesion apdiigh debrs pdustiieds pl asma

source has tﬁg%qﬁgﬁa?%ﬁaggmé?{t%@ue%purce brightness (small source vol une),

no er osi on, Is generation. It has the di sadvantages of high

cost-of - ownership and inefficient total energy conversion bal ance. The

di scharge source has the advantages of direct coupligg of the electrical
INg

energy i nt o thgelagarnaanis)aaidn thenlasarplassparpre wsedyto defing 4Be plasma; goamesi ages
f el ectrode i i 4 i ]
ranagenent - rigage Bdas MR G5Pohm REAM e BrafimeAfic ndRnhMAGTR o

define the phasndisgea drmn Yhe elébt®dbato e pladnhw iy as thnslind Asedischaigdsoufeat i on.
The arrangenent is such that there is a |arger distance fromthe
el ectrodes this rdupgsdberpovercdeasithatrihe plegtrodersarfagescsinpeybey sur belargerand

reduces the poner o GSNSILY Bl e BhEGLIAHE S Uhd ) HEEARRHRERDE

| arge, and us al'so e rodeé ‘erosivon, r's genera
managenent rre@ked 208 the @letciead, 1 nidie peWéreihpitad grovidid byethe lpenRluciafpait s

provi ded by the | ow i nductance
electrical discharge. This ensures a much more efficient energy coupling to the plasma
than would be available for a pure laser plasma source. The arrangement of the
electrodes is more spherical than for a conventional Z-pinch. This and the laser-plasma
initiation increase the source stability. The timing of pre-ionization, laser plasma

generation and main pinch plasma generation gives additional control for optimization

of the production of EUV radiation.

The device is mainly a discharge-produced EUV light source that has the additional
benefits of laser-plasma supported discharge initiation. The electrodes can be connected
to the same pulsed-power system that is used presently (and in the future) for the DPF
machines. (10 J to 20 J delivered pulse energy, 30 — 100 ns pulse length, repetition rate
of several kHz, peak voltage of several kV, peak current several tens of kA .) The
inner electrode can be charged positive or negative. The outer electrode is at ground
potential. As shown in FIG. 4C the electrode arrangement is somewhat different from
the DPF arrangement. The (water-cooled) electrodes are bigger and the electrode

surface involved in the discharge is bigger. It is on the order of 30 to 50 cm”. There is
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el ectrical discharge. This ensures a nuch nore efficient energy coupling to
the plasma than would be available for a pure | aser plasm source. The

ar rangenewp oofos1she el ectrodes is nore spherical than for paTasoyenss onal
Z-pinch. This and the laser-plasma initiation increase the source
stability. The timng of pre-ionization, |aser plasma generation and main
pi nch pl asnma generation gives additional control for optimzation of the
production of EUV radiation. The device is mainly a discharge-produced EUV

i ght source,t i1 ' - It ed
di scharge i %nzl{;%ﬁt%ﬁtﬁs%gwe e!:l% l?lgggideé gbﬁ&gg&ggg%&%g%ﬁ%%&? ?\lggcst 3‘{#‘3%
pul sed- powersigystem that is used presently (and in the future) for the DPF

machines. (10 J to 20 J delivered pul se energy, 30 - 100 ns pul se | ength,
repetition rate of several kHz, peak voltage of several kV, peak current

Souative. - ThmRle K mbartht ord WEiGh SELT USARE; BRIBABLAFOVBRELIN I ¢

t he el ect r ogrilsed |aeOwaR(kxdifeslags ohedlidddtatt ¢iser) that pepagdtésontRis id fécusg ment .
The (water-cool ed) electrodes are bif%%er and the el ectrode surface

i nvol ved i n byrdoensingnptigeintathp cepyenof thaarjaggerpent fea facalspovwitispdiamen ot np.
There is 28 /08 P i I S e

el ectrodes tc\é\qp%fg’nzﬁ gqﬁeg#;@%ﬁéﬁogdf%gd 8¥§§8Ffa?%rr¥§£h0@0br§ﬁéﬁﬁ)ﬁ nﬁ'ﬂer eis
a neans of RubseieAbrigaboNL0 t6.19 ns pllsd REgthRd sevefl kAP tepatiticitaté Bhefcoud | . The
pul sed | aser beam (excinmer |aser or solid-state |aser) that propagates
on-axis is fadwubedevergl dastobaannhdoaiped dato ateommen speft &y ther cemrer af thghgenent
to a focal spat vvitl% 3 giagn?taesr of (r:amilgxge%e-rmr? I sezir ciannsbee gfrlér F-

br oad- band XEIRer<t asgr it R80T 652 pu?‘%e Hglr’g“, TSI ™o0 to
15 ns pul se ihgagéfiheidesa@d@iodt akdis phped awayoby 4 vcBum Pifpe TosibAl dperatis® be
several |aser beans focused into a common spot in the center of the

ar r angenent .pravsuretiginghe ragaeof kie®dH Torr.al'hi disaheege oan keppsratechon theldafiside i s
inserted fro inside of thednner electrode and i unmped. away. by .g vacuum
purp. - Typi oAl BhERERGuris el Bineg SRRUPRES, Al RIS s B iEh Thc

di schar ge caplhge, dRhdeed td&s 4 BdllovetddBodeOf t he Paschen curve. If the

i nner el ectrode is pul sed-charged by a negative high voltage, it can be
configured as a hol |l ow cat hode.

First, RF pre-ionization is triggered to enable easy breakdown of the low-density gas.
Next, the laser beam arrives and generates a well-defined plasma spot at the center of
the arrangement. The gas breaks down near the laser focus, since it was pre-ionized.
Then the main discharge from the pulse-compression circuit is applied. A pinch will
develop on-axis at the laser-plasma spot. Pinching occurs by magnetic self-
compression. The laser-plasma spot defines the location of the pinch and increases its
positional stability. (In case the inductance in the center should be too high, the laser
beam needs to be doughnut — shaped in order to provide a discharge channel. This has
to be tested experimentally.) The expanding shock front from the laser plasma will
encounter the radial compression front from the main pinch plasma which is stronger.
A pinched plasma channel develops which will heat the gas to high ionization levels
that will emit the EUV radiation. The counter-propagation of the two plasma shock
fronts can effectively increase the duration of the pinch and thus the duration of the
EUYV emission. The EUV radiation is emitted in all directions. The radiation emitted
through the large opening of the outer electrode can be collected by grazing-incidence

collection optics. The energy, the size of the focus and the timing of the laser plasma
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First, RF pre-ionization is triggered to enable easy breakdown of the

| ow-density gas. Next, the |laser beam arrives and generates a well-defined
pl asma spw0 0a08M8be center of the arrangenent. The gas br eakasdown3near the
| aser focus, since it was pre-ionized. Then the main discharge fromthe
pul se-conpression circuit is applied. A pinch will develop on-axis at the
| aser-plasma spot. Pinching occurs by magnetic self- conpression. The

| aser - pl asma spot defines the |ocation of the pinch and increases its

posi ti onal %@%{r{gwe sikd gf&g%irggﬁaﬁggﬁl%_ance in the center should be too
oughn

hi gh, the |aser eam needs to ut - shaped in order to provide a
di scharge channel. This has to be tested experinentally.) The expandi ng

shock front fromthe |aser plasma will —encounter the radial conpression
front fromthe main pinch pl as ORI IAEN GOMLEGISR . A pi nched pl asma

channel devel ops which will heat the ggstR high ionization levels that
will emt the EUV radi ation. The counter-propagation of the two plasma
shock frontkhecadiadbh gedduced yat ithe radisttont ot dsireadiited uaifoinkig ipiona fuRndk t hus
the duration of the EUV emi ssion. The EUV radiation is enmitted in all

directions. sterediangedSatesypeaireliection ppligsugncededto capiie Bisdadiagonandidigchut er

| ect r od ) - , ! oo
oner gyt he ToioRErERE AT Qe hAGIAEREG o ERI] B bR BROBy o ®
03/ 087867 PGHallS@#aZidd inkPdentl @hgledtsiel 3t amsU¥dight. treptizafon spinaofff tidsaara.

RADI ATI ON COLLECTOR WMaterials The radiation produced at the radiation spot
is enitted whPVBINFLS. il hdo Gooflghpicgsinclydemglybdenym syhibodipgrindhe rapgg & i on

"Pthoor aphy 1 agrut 2B QGRBL G il Tof BY\ Y BONPEI AR, The shBl e, | o
smal | grazi Mabridatiddesth theg! matetials, & prefumably thdyodte . applied hs af @atis@ion Hf

these are shown in FIG 11 A Good choi ces include nol ybdenum and rhodi um
in the rangeubdirage stustygpometepigl sisdrasduckghd Thisrepatcesection car by psgparad B azi ng

angl es. The col | ect.or e fabri romthese materials, but
preferably teﬁeec;tlmglcén %%Flgleogl aars?mg&%%lgglsa%grefclm a substrate structural

mat eri al such as nickel. This conic section can be prepared by

el ectropl ating nickel on a renovabl e nandrel.
Conical Nested Collector

To produce a collector capable of accepting a large cone angle, several conical sections
can be nested inside each other. Each conical section may employ more than one
reflection of the radiation to redirect its section of the radiation cone in the desired
direction. Designing the collection for operation nearest to grazing incidence will
produce a collector most tolerant to deposition of eroded electrode material. The
grazing incidence reflectivity of mirrors such as this depends strongly on the surface
roughness of the mirror. The dependence on surface roughness decreases as the
incident angle approaches grazing incidence. Applicants estimate that their devices can
collect and direct the 13nm radiation being emitted over a solid angle of least 25

degrees.

In another preferred embodiment the collector-director is protected from surface
contamination with vaporized electrode material by a debris collector which collects all
of the tungsten vapor before it can reach the collector director 4. FIG. 9 shows a conical
nested debris collector 5 for collecting debris resulting from the plasma pinch. Debris

collector 5 is comprised of nested conical sections having surfaces aligned with light
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Coni cal Nested Collector To produce a collector capable of accepting a

| arge cone angl e, several conical sections can be nested inside each

ot her. Eambososnseal section may enpl oy nore than one ref Pectsesiliings t he
radiation to redirect its section of the radiation cone in the desired
direction. Designing the collection for operation nearest to grazing

i ncidence will produce a collector nost tolerant to deposition of eroded
el ectrode material. The grazing incidence reflectivity of mrrors such as
Lhis depends,yldeagint B sbewns UEdBes md BORNRS P lirdci {Bhbdadhe colldEior.
dependence ofr surtace roughness decreases as the 1 ncident angle approaches
grazi ng i ncidiecwe4. Applicants estimate that their devices can collect and
direct the 13nmradi ation being emtted over a solid angle of |east 25
degrees. In another preferred enbodi nent the collector-director is
protected fr. r.f n 1nat i ] j r terial b
a debris col g]c e%lns%%)ﬁ%%&ggélfeg:st g&ﬂgﬁged’\%l’kn@ﬁ\égq?@ﬁgg gﬁlg@%&gﬁ’&%g orgeﬁdlt ca%

reach the colap&eiednitilume athedeBris dolliectobisahiaked & Gds b padt of ragiitietlcalRbiors
collector 5 for collecting debris resulting fromthe plasma pinch. Debris
col | ect or 5 dirscioppBpibeallestonsaydg cemnrises ot vickel Rlated pebstralgs.stiefradiationy] i gned
with Iight 30 03/087867..PCT/ LSO 1139 1 t i fr e
center of t ﬁ@l%\%%é%éesﬁ FrePouH iv ecé)g (eeé Y@M&OA%%ES%IO&I@I@? glrng) lf%i \Feerg'ltp (l)éhh4 The

debris col | aefi@fivitp! PrRE:rsHbly BoIcbA&sors Bitgizhied td 4t 4003CtwHigSik Subseheally odes
and vaporized lithium The debris collector is attached to or is a part of

radi ati on coibbeg ther melfingepeint of lithBamhando pubstantinldy balpvh thec mghingspadntot ni ckel

pl ated substrates. . Jhe radi atign..collector-direct Qrt.ion i.S.ccoat ed
b th ol ybddHRSr THodPorm B e OUunhgh et WEF bEiseh8h bufonss e, ¢
col | ectors afeBrifi@siicfbr 5Guthi®itim 4P Capiize Bffiand Sahe eridhi Ak livhiufkoN&Rtd die
melting point of lithiumand substantially below the nelting point of

tungst en. Theellgetpodicectdr hoit hwilli sasnuthergaliert alpey yeporiagi off. cBid Bagstem onere
surfaces of t € ¢ ?ebris.cohlqctgr.ﬁ but. ithiun1mjul vaporize off and to
the extent tRESHET AT dRRTIsSolledps” SA Tadih MFOPHAPE M or 4, it will soon
thereafter also vaporize off. The tungsten once collected on debris

collector 5 will remain there permanently.
Parabolic Collector

FIG. 8C shows the optical features of a collector designed by Applicants. The collector
shown in FIG. 8A is comprised of five nested grazing incident parabolic reflectors, but
only three of the five reflections are shown in the drawing. The two inner reflectors are
not shown. In this design the collection angle is about 0.4 steradians. As discussed
below the collector surface is coated and is heated to prevent deposition of lithium.
This design produces a parallel beam. Other preferred designs would focus the beam.
The collector preferably is coated with a material such as those referred to above and
graphed in FIG. 11 possessing high glazing incidence reflectivity in the 13.5 nm

wavelength range.

Ellipsoidal Mirror
Another collector-director designed to focus the beam is shown in FIG. 8B. This
collector-director utilizes an ellipsoidal mirror 30 to focus the EUV source. Mirrors of
this type are available commercially from suppliers such as Reflex S.V.O. with facilities
in the Czech Republic and are distributed in the United States by Bede Scientific
Instruments Ltd. with offices in the United Kingdom and Englewood, Colorado. The
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Par abolic Collector FIG 8C shows the optical features of a collector

desi gned by Applicants. The collector shown in FIG 8A is conprised of
five nestwo ogosmbng i nci dent parabolic reflectors, but omcy/ushs/easnf the
five reflections are shown in the drawing. The two inner reflectors are
not shown. In this design the collection angle is about 0.4 steradians. As
di scussed below the collector surface is coated and is heated to prevent
deposition of lithium This design produces a parallel beam O her

preferred d?ec‘id]gpscho He {hﬁfzﬂﬁ% rhf}ﬁ)rlrerglglg?ts on ?Eag\% g{ %r% QhoWh §f B iglHy &5 coat ed

with a material such as those refe to a graphed 1n FIG 11
possessi ng Hoyevgt, additignalnoirde eleemenes doabd bevincinded inshde Midrd 3rand watsgéleengt h
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Czech Republrays crngstedaen 6ff airfor BOtte doliget tHeavidled dngit Byat es by Bede Scientific
Instrunents Ltd. with offices in the United Kingdom and Engl ewood,

Col orado. The 31 WD 03/087867 PCT/US03/11139 reader should note that this
mrror collects only rays at angles shown at 32 in FIG 8B. However,
additional mirror elenments coulhndemibiipseddad Mirrer de mirror 30 and out si de

o, 20 el oo dorak O eaal g ol Rl P IER 5 e

t hat ot her S cou ocaliz reror 30 to

col I ect the paahpRyfileMoTEis iy AMEd&h clipsbidelanirr ullit Whth cdllett abdllired the he
wi der angle rays. Tandem Ellipsoidal Mrror FIG 19 shows a preferred

col l ector diEE¥rashatipagiraducrdin Ge@dasma ningdx ovi ng the EWV  beam profi | ed.
This is a tandemellipsoidal mrror unit which collects and directs the
EWV radi ation produced in the plasma pinch. In nost |ithography

appl i cati ongp bhift iRbSRPhyY SPlRRisIRAES takget B iaxRRas t béipoksd hifomlysi Agl e or
nested el |l i psoi dal mglr%?orggjf the type shown in FIG 2A when used to coll ect

and r e- f ocusingheormgsted gHipseidalrmisras @f thestype shomip indhGudh Mdiemusgdiglcqledd s

radiation and re-focus the EUV radiation produces a very non-uniform annulus of radiation

upstream and downstream of focus spot 11 shown in FIG. 2A. This is a natural effect
caused by the geometry of the ellipsoidal collector. The front of the mirror collects a
greater solid angle of the source emission per unit mirror surface area than the back of
the mirror. This effect can be reversed by using a second ellipsoidal mirror 44 in
tandem with the first mirror 42 as shown in FIG. 19. (In this embodiment, single
ellipsoidal mirrors are used without a second nested ellipsoidal mirror.) The second
ellipsoidal mirror 44 is a mirror image of the first ellipsoidal mirror 42 “reflected”
about the second focal point of the first mirror. This places the second ellipsoidal
mirror on the same optical axis as the first mirror so that its first focal point is at the
second focal point of the first mirror. In this case of the tandem ellipsoidal mirror the
radiation leaving the second focal point of the second mirror is annular but the radiation
within the annulus is uniform. The exposure uniformity is now a function of the
surface figure of the ellipsoidal mirrors and not the inherent collection geometry of the

ellipsoidal mirror.

Analysis

The optical characteristics of the tandem ellipsoidal mirror were analyzed by
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upstream and downstream of focus spot 11 shown in FIG 2A. This is a
natural effect caused by the geonetry of the ellipsoidal collector. The
front of wbe3nsmsor collects a greater solid angle of thecTasoxei1an ssion
per unit mrror surface area than the back of the mrror. This effect can
be reversed by using a second ellipsoidal mrror 44 in tandemwth the
first mrror 42 as showmn in FIG 19. (In this enbodi nent, single
ellipsoidal mrrors are used without a second nested ellipsoidal mrror.)
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i ncoherent. Consequently, a ray tracing code can be used to determne the
properties ohicrenediamglgr dis¢ and het the cadigtioarpmitsdaetropicallydram gerdrpogationats.  The
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mrror surfagedites whifeshhesilatddpopserdadn.r ef l ector and that the radiation
is not polarized during reflection. The mrror surface was assuned to be
pure rutheniumreflecting at 13.5n-m Also, the source has been assuned to
be a 50 ni cFlegedinatrepéthedarsiempgitipsoidal ntitver is aldlisttatednn EKG t 1. iBoth mopomsal | y

from each int onits surface, .These assu i ons no tract fromthe
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FIG 19. Both mrrors

diameter. The figure also shows a few random rays collected by the first mirror. A

fraction of the radiation that leaves the plasma pinch source 46 at the first focal point of
the first mirror is collected and re-focused at the second focal point 11 of the first
mirror. The radiation leaving focal point 11 at 300 mm from source 46 is collected by
the second ellipsoidal mirror and re-focused at the second focal point of the second
mirror 48 at 300 mm from focal point 11. At focal point 48 a 1:1 image of the source
is produced. As the radiation leaves focal point 48, the rays diverge to produce an
annular exposure area at detector 50 which is located 9 mm from focal point 48. The
intensity in this annular region is uniform as shown by the TracePro calculation in FIG.
19. The uniformity in the main annular region is within +2.5% of the mean value. A
simulation performed by Applicants of the beam profile at detector 50 is shown in FIG.
19 which may be compared with a similar simulation made for the beam cross section
at 9 mm downstream of focal point 11. A cross section of the two profiles is compared
in FIG. 19 with the detector 50 cross section shown at 52 and the cross section of the

FIG. 19 beam profile at 54.
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have the sanme paraneters. Their mnor radius is 40 mmand their focal
length is 150 mm The mrrors are each 100 mm | ong and have been cut

t hrough tweims/sisapr di aneter. The figure al so shows a fewcmarsdeymisays
collected by the first mirror. A fraction of the radiation that |eaves the
pl asma pinch source 46 at the first focal point of the first mrror is
coll ected and re-focused at the second focal point 11 of the first mrror.
The radiation |eaving focal point 11 at 300 mmfrom source 46 is collected
by the second ellipsoidal mrror ang,ge-figcused at the second focal point
of the second mrror 48 at 300 nmfrom faocal point 11. At focal point 48 a
1:1 i mage ofThHeherhanuector eilipsgdadnicerfabAsatidndhavabiéeatimprovied avershefpastdbwpoi nt

48, the rays diverge tg produce nul ar exposure area at detector
which is | od&8 § Y§arsm The s inerc awa I%Pﬁalea%mlff% cap Joanks mads fp patis f@zﬁnm ar
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simul ati on m&fﬁwmﬁtﬁehmseﬁpphe EdNtrsegioii. RduEmlammSmmé bdea identified aqiossible0 i s
shown in FIG 19 whic Q; he caonpared with a simlar sinulation nade for
t he beam cr 63adidues f%ﬁleF&tJ gllmw%mwwﬁ%fmpbéé@ﬂﬂﬁbmhe@&m hogdiugy s

t ft f 50
Cross secti G SRRy 105 mh R R, BivLf e Brapip Mo LR IERAE
profile at 54.5d8. Y& @3zig TikedenBTbilebdadlyildss femdiahigh@atelaively bigh dngbdsni ques

for ellipsoidal mrror fabrication have been_ inproved over the past few
10s of year 40 aitpw themizes to gallect ¢ regsoppide sobd mﬂ% subtgpdedofipms dherseiace. o

satisfy the 81%' eI} Eniflhn r?atértﬂé‘%?grhgétqi%ﬂg?t}o%ﬂés fidichicy ﬁgﬂ%{g‘@ﬁxfmaéﬂglst he

mat eri al of e re cting surface egion. Four
materi al s hens&dbeen identified as possible candidates for the EUV
ellipsoidal mrror surface: nolybdenum ruthenium rhodium and pall adi um
These nmaterials have relatively high grazing incidence ref | ectivity at

130 0m  ThenQLARl A LATHIRIES Al SR h UL I NG FhodcGhat Vel ¥

hi gh angl es AEhe T T o A reasongbl e s
subt ended f ﬂﬁmﬂehﬁltﬁdwﬁ%ﬁ’e oflthe degted @giktoy., Typit 1B Nhe Mdhdfel isiRadei L@H&Size

collection efficiency of the four materials |isted.
using aluminum and then coated with electroless nickel containing 15% phosphorus to
make the mandrel oversize. The electroless nickel is put on about 0.5 mm thick so that
the entire surface can be diamond turned to the desired mirror surface figure by vendors
such as Corning Netoptic with offices in Marlborough, Massachusetts. This typically
leaves about 0.1 mm of nickel on the mandrel surface. Although the present
technology of diamond turning is very good the surface at this stage is not adequate for
use as an EUV mirror. The diamond turning can be accurate enough for the figure
requirements that include the deviations from the elliptical surface front-to-back and
the roundness of the surface but the micro-roughness is too high. The diamond turned
surface must be polished to reduce the micro-roughness to less than 0.5 nm RMS. The
hardness of the nickel surface imparted by the high phosphorus content of the
electroless nickel is required for the high degree of polishing. After the electroless
nickel surface is adequately polished and the surface figure is within specifications, the
reflecting surface material is coated onto the mandrel surface. The exact procedure
used to coat the surface is dictated by the properties of the reflecting material being
added to the surface. After the reflecting coating has been placed on the mandrel,

nickel is electroformed over this surface to a thickness of about 0.5 mm. The
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These mrrors are fabricated though a series of processes. First, a mandrel
is made that has the outside figure of the desired mrror. Typically, the
mandr el iwoOrmadgrsender si ze using al um num and t hen coat ed pairtusogi\Eed r ol ess
ni ckel containi ng 15% phosphorus to make the mandrel oversize. The

el ectrol ess nickel is put on about 0.5 mmthick so that the entire surface
can be dianond turned to the desired mrror surface figure by vendors such
as Corning Netoptic with offices in Marl borough, Massachusetts. This

typically 'e‘F&Yx%ﬁor{gﬂlEQHkk -i}&ﬂ{ﬁgﬂn\igﬁ gf?}n%l‘é!ma%rél Bg g;?@ﬁggg%rcfﬁ%ﬁgﬁﬁ-axé'&hough

the present tec ogy o turning 1s urface at this
st age i s notthanhandral teetwenn thermendrs] amd tikd dleaitoferared nidkel. dileveftattihg surfacg can be
accurate enough for the figure requjrements that include the deviations
fromthe el ISt3y8 wtith the glessedarmedypiekel she 5 oA dhe MhrEor s a'ffglﬁié% off ghe Rikkelsur f ace
but the m crg:d ouahA hSat ' oK gg;m qﬁﬁmﬁt be
polished to Sggéuce tﬁgﬁ%h%}'oﬁ%oé%%g%%gn?g%?l Sl?%%d%l%@%leg%ﬁ%k% eg

har dness of Higtephusphalis comtdnases asqaatiralieleysddgenttogihe paflesiimpsunface oxfteent  of
the electroless nickel is required for the high degree of polishing. After
the el ect r olthe snirgr dps peapyremaved jfeon dagymandre), apd (the; Regdigh ge-polishedyr thc e

figure is w thi LLLGakd 1 efl i f f i § coated
onto the maiiieidt i L ARbB T o B aFle BRE b EtBL B 0o <
di ct at ed by mifmerproperties of the reflecting material being added to the
surface. After the reflecting coating has been placed on the mandrel,

nickel is electrofornmed over this surface to a thickness of about 0.5 mm
The 34 WO 03/087867 PCT/US03/11139 ?.hlgﬁﬁlré&f ormed nickel is renmoved from
the mandrel by applying force al ong axis of the mandrel between the

mandr el and THegosit@aing@f tHeTRrond ekttive tdthe so@ick ead fotgcls thteig eritisdl &y thewi t h
the el ectrofornmed nickel shell to formthe mrror as it slides off the
ni ckel  sur feaEectdhngtioa ofithedandem eflipsoidat mirsers oplignmaenticgmbs/agsemplshed on

| ectrol [ ' . ' t _act |
el ease agerh A Mot it soltcl RRRIEUR e 00H B as B DL VRl ®
removed frompidgusiEakl alvaaage bhthenaptidaleprop@tipObi hb&kllipddedal maAdise! Ifas t hen

avai l abl e to make additional mrrors that are exact copies of the first

mrror. Ali gistastar plane is placed perpendicular to the optical axis near the second focal point,
the small source, 50 microns diameter, e.g., can be placed near the first focal point of
the ellipse. The image will only be centered and symmetric if the detector is at the
second focal point. After the axial location of the second focal point has been
determined, the detector array can be moved away from the focal point. Now the image
will only be symmetric if the source is on the mirror axis. This requires positioning the
source in two spatial dimensions. The axial location of the first focal point can be
determined by moving the detector to the second focal point and then moving the

source along the mirror axis until the detector gives a maximum signal in the image

center.

This procedure must be repeated for the second mirror. After the two mirrors have
been aligned, the entire assembly must be transferred to the DPF. The fixture must be
adequately keyed to place the EUV source at the first focal point of the first mirror.
The accuracy of positioning must be at least 25% of the effective diameter of the DPF
EUV source. The present estimate of the DPF source diameter is 80 microns while

looking along the machine axis. Hence, the expected alignment accuracy is 20 microns
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The positioning of the mrrors relative to the source and to each other is
critical to the correct function of the tandemellipsoidal mrrors.

Al i gnmentwoan/ogmeancconpl i shed on an optical bench with aprsoursogipBaced at
the sanme | ocation as the DPF EUV source. One nust take advantage of the
optical properties of these ellipsoidal mrrors. If a detector plane is

pl aced perpendicular to the optical axis near the second focal point, the
smal | source, 50 microns diameter, e.g., can be placed near the first focal

poi nt of _tt&t@gg@égeexggtrtg ttmg%héntﬂatmﬂ@t lsberhe%zta%ﬁgﬁuﬁag ot Bhid g i f the

detector is at t ocal point. After the axi cation of the
second focahﬁp@tnuKhasmhﬂmhmuﬂsbgpmxmhmtm&bemdbiﬁﬂﬁor array can be noved
away fromthe focal point. Nowthe inage wll only be symmetric if the
source is on the mrror axis. This rgﬁﬁites ?}ltlonlng the source in two
spati al dlnen5|ons The axial YO8 BW“%WE NSt focal point can be
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whi | e Iooklggralon t he machi ne axis. Hence, the expected allggnent
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to map the source spot into the entrance pupil of the projection optlc and
to map the fPIGOCS OB[AEFS] ﬁlt‘isﬁﬁ‘?fl%y ttlﬁseearCSt Aeto tBpaptigle.y I hissRethey iroyesethg our ce

onto the retdnff’ ﬁ-{nrt])ga'&ﬂcﬂense' E%\ﬂs‘?féie@ﬁ%ﬁe%ﬂ% a}d?&g ath {hfug’ tr)é '” the

entrance pupi i'sRot CrIti C: un| at
t he retlcIeln@an@nbﬁoﬁwkﬁ@p@ﬂnraﬁbﬁ desi gn concept exploits the fact that

the em ssion is
Debris Mitigation
Both the mid-focal point 11 between the two mirrors and the final focal point 48 allow
the DPF source region to be isolated from the lithography exposure region. At these
points the EUV radiation can pass through pinholes that block any source debris or
active gas (that penetrated into the region of the first elliptical mirror unit) from
reaching the exposure chamber but not the EUV radiation. Also, these small pinholes
allow the exposure chamber to have a much lower pressure than that required for DPF

operation.

Hybrid Collection
Based on currently available reflector technology, only two types of reflectors exist
which provide reflection values in the 0.7 or greater range for this 12-14 nm EUV light.
As shown in FIG. 11A a few materials provide good grazing angle reflectors. For
example, reflection from smooth molybdenum surfaces is about 90% grazing angles
less than 10 degrees, but reflection from molybdenum drops rapidly at grazing angles

greater than 15 degrees to less than 10% at 25 degrees. On the other hand, special
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isotropic and thus has uniformintensity vs. angle. The dual mrror concept
restores this uniformintensity vs. angle property (at least wthin the
cone of oaptoawersengl e for the mrrors). The EUV il l um nator/usakelishe
"ring" of intensity versus angle, break it into pieces or arcs, and
overlay these arcs onto the reticle. This further inproves the wuniformty
and can be done in EUV systens since they are scanners and thus require
illumnation only over a slit region. Debris Mtigation Both the m d-focal
point 11 be 1 ) : | M) . t he
R L B e L e e O e o
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focal length. FIG. 11C shows the reflection efficiencies of the mirrors at the angles of
incident of the light between about 10 degrees and 55 degrees. This design collects
significantly more light than prior art elliptical designs or prior art hyperbolic designs.
Applicants estimate that about 25 percent of the emitted light is collected and 79
percent of the collected light is delivered to the intermediate focus at 1500 mm. This

equates to an estimate 20 percent collection efficiency.

FIG. 11D shows a modified version of the FIG. 11B collector in which an additional
parabolic double reflection mirrors 84 and a parabolic triple reflection mirror 85 are

utilized to increase the net energy collected to about 28 percent.

FIG. 11E shows a third hybrid version also a modification to the 11B collector which
(in addition to the two ellipsoidal reflectors) and the two-bounce parabolic reflectors,
Applicants have added a third two-bounce parabolic mirror 86 and a grazing angle
curved ray-traced mirror 87 and a multi-layer parabolic mirror 88 reflecting at about 9
degrees from normal to increase the collection efficiency from about 20% to about

25%.
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shown in FIGS. 11 B, 11 Dand | 1 E. Applicants refer to these collectors
as hybrid collectors since they utilize nultiple collection designs. For
exanpl e, wbe3psiser art includes nested elliptical mrror®cansosnedsed
grazing angle by hyperbolic mrrors including double bounce hyperbolic
mrrors and nost multi-layer reflector designs are single bounce near
normal hyperbolic designs. FIG 11 Bis a partial cross-section of a
hybrid collector utilizing two rutheniumcoated ellipsoidal mrrors 80 and
81 and two doubl e bounce ruthenium coated parabolic mrrors 82 and 83 to
provide a 1500 mm focal length. FIG 11 C shows the reflection

ef fi ci enci ednodnoctiee ¢mhbsdimsntata nhdtiaidgl &S 1aér bearas deant boffotised | theghighbet ween
about 10 degrees and 55 degrees. This design collects _significantly nore
light than persespoadingoPeRipgs ehihe glestrgdes tara qommaen gentral fasal spot-i Thedpaingns.

and 70" por chispRh TolNR o NP 150 ARREAN i Blor e EhbRT it ek, 7% 61

focus at 1500 mm This equates to an estimte 20 percent collection
efficiency. FIG 11 D shows a nodified version of the FIG 11 B collector
in which an additional parabolic RERBBISSHELREti on mirrors 84 and a

parabolic triple reflection .ﬂx{igﬁes%r @rﬁ%ngﬁébég§ﬁge1& 0 increase the net

energy collected to about 28 percent. ows a third hybrid

versi on al soA@dedbrilicdiabadd debrit shitlds ark imPBoait klradeats iibubtantibilyal BEAVlighn t o
the two ellipsoidal reflectors) and the two-bounce parabpolic reflectors,
Appl i cant s HFavisestens gndertaensideratien. hbampssieshdehsisishielghven § tragell debrisangt azi ng

I d - oL i.r ulticl. i i I. 88
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ef ficiency fit giguddalsh p2ofadody aboby diff&de to3hal®) OIr&SBFReerrelGEHATNRS ¥3A139 I n
anot her enbodinent, a nmultitude of |aser beans can be focused through

cor r espondi rfgbrigaéinn defrisghialdreare skawn wdd§. 28AB.OMbrand8Atr@l focal spot.

The main discharge follows along the | aser channels and converges onto the
center plasma. DEBRIS SH ELDS Techni ques for Mking Debris Shield As

descri bed alyoyehdRbiigusidselibis iAMGSTROA 28018, etRoRMSsKimhSpashRighapéd Y al |
OV Tight forms as shown in FIG. 26 A are fabricated and the small end of the forms are inserted in
a grid shaped structure such as the one shown in 28B. A spacer plate with tabs
matching a hole at the large end of each of the forms is placed over the larger end of the
forms to separate each form from other forms by the thickness of the grid which
preferably is about 0.01 to 0.1 mm or less. The grid spacing provides a narrow space

between the forms which is filled with a liquid metal or liquid ceramic. When the metal

or ceramic has hardened the forms are removed to create the debris shield.

For FIGS. 5A-C technique, hollow cones such as those shown 76 in FIG. 5B are welded
from very thin about (0.1 mm) metal foil cut from foil sheets as shown at 77 in FIG. 5A.
These hollow cones are inserted into a metal form as shown at 78 in FIG. 5C to form the

debris shield.

As shown in FIGS. 7A-C, a preferred debris shield can be made by laminating thin
sheets. Each sheet has its own individual radial grille work with grille work patterns
growing larger for each sheet so that when multiple sheets are stacked the desire shape

is produced as shown in FIGS. 7A-C.
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sources now under consideration. The perfect debris shield won't trap all
debris and transmt all in band radiation. Since the debris shield wll
likely haveoaosisaited |ifetime, it should al so preferabl pycmatsobei1ad ffi cul t
to make. Three preferred techniques for fabrication debris shields are
shown in FIG 28A-B, 29A-C and 30A-C. For the technique described in FIGS
26A and B, renovable skinny pyram d shaped forns as shown in FIG 26A are
fabricated and the small end of the forns are inserted in a grid shaped
structure such as the one shown in 28B. A spacer plate with tabs matching
a hole at the large end of each of the fornms is placed over the | arger end
of the formm hdvastgeandtie kadimtédappréachns didndie drevems sinfackh of theichkmeds of

the grid which preferably is about 0.01 to 0, or. less. The grjd
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to formthe asgﬁqggégéﬂ}xghgatf ngllg;g |F1%ésl(EAGS 7A-C, a preferred debris

shield can be na m nat i eets. Each sheet has its own

i ndividual radial grille work with grille work patterns growi ng |arger for
each sheet so that when nultiple sheets are stacked the desire shape is
produced as shown in FIGS. 7A- C. Maengir §3pprese®y PCT/ US03/ 11139 An

dvant f | ani . i & 1. . .
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J effectiveness of the debris shield the debris can be further ionized post pulse. This can
be done with the same components used for preionization or similar ionization

components could be used for the post pinch ionization.

In another embodiment a coil with large diameter (larger than the collector mirror
diameter) will be mounted co-axially with the mirror and plasma source. Gneerally, a
high current will be applied to the coil to induce a high magnetic field in the axial
direction. Preferentially, the current may be pulsed (pulse width on the order of several
10 ps) to achieve a high induction field strength (on the order of 10 Tesla). Constant
fields and preferentially super-conducting coils may also be employed to generate these
high fields. This is sufficient to deflect most energetic ions to curved paths, such that
they miss the collector mirror. The high magnetic filed will lead to a slight elongation
of the plasma source volume, but this can be tolerated. The coil has to be mounted on
some support structure. It is conceivable, to mount the coil inside or outside of the

vacuum chamber.
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sources is to apply a magnetic field in the region of the debris shield and
the region between the pinch and the shield. The nagnetic field preferably
i s directwdo3pgmpendi cular to the axis of the EUV beam soPpa3/uses/fasce
charged particles into a curved trajectory as it approaches and passes
into the debris shield. To enhance the effectiveness of the debris shield
the debris can be further ionized post pulse. This can be done wth the
same conponents used for preionization or simlar ionization conponents

coul d be i honi gﬂ%@@ il
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nmount ed co- ajuatidnyof\hdtiont he mi rror and plasnma source. Gneerally, a high
current will be applied to the coil tQ induce a high magnetic field in the
axial direction. PreferentlalIQL*KYﬁBcurrent may be pul sed (pul se width on
the order of several 10 s) to achieve a high induction field strength (on
the order of 10 Tesla). Constant fields and preferentially

super - condu@®romowkioh vie canydegive ahd1ehe mplghgtidrigiditg €BERpt@ dnhieaef nsgMf i el ds.
This is sufficient to deflect npst energetic ions to curved paths, such
that they ricederpigd teavplageof irBiYeoby: The hi gh magnetic filed will lead to

a slight elongation of the pl a%ﬁ% ey | ume, but this can be
tolerated. The coil has to be noun —3139{)1\(& one support structure. It is

concei vable, to nount the coil inside or outside of the vacuum chanber. 39
WO 03/087867 PCT/US03/ 11139 The radius of the curvature of a char
part i cl e inApniugadhiscasy ahgrei we gwandrinasilest @ swgheghrigs & on (hess d 2)

F=q(vxB) Fraom h magnetic rigidity (B*R) for an
i on of nass aﬁ/fé/ihrgfc;ege er(g(?{e)aﬁs[o vo{lglgﬁ @is gi ven by: B*R=144(MV)O0.5

Applying this case where we wantB*ro=1dafl3ee1000)% (MBtn)-NB18eG-¥ | on (mass
132) accelerated to 1000 Volts we get arigidity of: B*R=144(132* 1000) 05
(G cm=52,318 Gcm Therefore if we want the ion to nove in a circular orbit

of radius 10l"here:fore if $dWant th2 ion to move in a circular orbit of radius 10 cm we require a

magnetic field of 52,318G-cm/10 cm which is equal to ~5232 gauss.

In general to deflect ions of different masses and energies we may require stronger or
weaker fields. The configuration of the magnetic field can also be adjusted to optimize
the shielding power for the EUV optics by winding coils in various configurations or
using combinations of coils and permanent magnets to achieve the desired field profiles.
For these fields a coil can be placed either outside the vacuum vessel or interior to it.
The current driving a coil required to produce a given magnetic field can be easily

calculated.

Honeycomb Debris Shield
FIGS. 9A, 9B, and 9C show examples of a special preferred embodiment utilizing a
tapered powder-formed cellular honeycomb body as the debris collector with an
ellipsoidal radiation collector. The debris collector is preferably produced utilizing one
of the techniques described in U.S. Patent No. 6,299,958 which is incorporated by
reference herein. The debris shield is produced through a reforming procedure wherein
a precursor honeycomb, shaped from a plasticized powder batch material, is filled with

a compatible plastic filler material and then shaped by forcing the filled honeycomb
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magnetic field of 52,318G cm 10 cmwhich is equal to -5232 gauss. In
general to deflect ions of different nasses and energies we nmay require
stronger wo o3memker fields. The configuration of the magnecirashi/elish can

al so be adjusted to optim ze the shielding power for the EUV optics by

wi nding coils in various configurations or using conbinations of coils and
per manent nmagnets to achieve the desired field profiles. For these fields
a coil can be placed either outside the vacuum vessel or interior to it.
The current (YT : G| Lre i | gefdiel.d can
be easily éa oclt:l%l? ggc é) %&ﬂgllrl\a&%go Dgg%ﬁjgp%ﬁge deslaézl1 %}éﬂﬁgﬁg%g%%maﬁlg f’Si)lfctflrshow
exanpl es of matenied candl thphehercomt) srotmie.mdht structfureznonyg canichbpleaped is then

powder - f ormed cel | ul ar, honeyc ody as the debris collector with an
el i psoi dal PRAYTIA tf@ofprree{@% t#kématssﬁl ‘§T%‘P‘fe€@b’érpr?°§5ﬁ”€£‘ at mpiipe
produced uti;] i - Lh i RafTo | - ent: )

6, 299, 958 Wr# cﬁhe{ﬁgthlgﬁggr%};nﬁég? ghdatp ggrﬁe?%g@gggg&ﬁer el Rka]?#gsdée%@%?#\'gl dis
produced t hrRIGg9Aa is ef ahreesdimaisial wuewaledemwing ahpwingupich fegioay t@iyh,
shaped from a plasticized powder batch materjal, is filled with

conpati bl e proagycpmbrdabrig shigk K2 and apoutiomebelipsoitad shaped sadiatiog @H@Ca%?lﬂ | ed
h mb 40, 87867 0 : i
The: pr ocess Jierieb JOZ LR O Sbulaetbekichiiton iphi At ACEOA EpcbR8RfbnkO" ™

honeyconb stwittCtayi tcesTHS A3 B, CcdndrTe ofifowr 6Dthe eals fohapiedh kgidhB00. Flemw@ed from

the formand the filler material is renmoved by a process such_as npelting
it. Then thshawshewmddiionalellipwidbslepmeatiran deingatgd tafesupawre gEiedighhy
sintering. i - dj i . t i : . N i nch
regi on 100, ﬁh%lag coﬁglge%%%?%%eeﬁgéqggm% a&%%ér(? ?%f?é‘&dpﬁeq? |%Hst'o%1§I

shaped radi glowaers¢binlechaterialdind €ille® aledil cdnl s chBfensiaemsheors tistsd ethei on
view of the FIG 9A corrBonents al on with ray traces 106A, B, C and D of
four of the RaignsNpr&aPYHPHE nhesyiotss of pwterinl houbibe madaigcassizingthe neesked]

el I'i psoi dal NLS: .can r fi. the Li referably
9 or 10 el e%%?%%g%%eg@gt“g%m%ﬁLn?énlm% )ét;eglﬁ sfrg‘gw%f %dbatsugﬁdélpq%%%lenog%he

powders, bi nggowdedt fid athedmehtéridl | select@! 6 rpraduceaddrdieriehaiggtistd @nsilivdnones
listed in the Patent No. 6,299,958. The choice of material should be nmade
recogni zi ng mangangse @ngpluminum.

ACTIVE MATERIALS AND BUFFER GAS

Choice of Active Materials and Buffer Gases
Several active materials and buffer gases are available for generating EUV light in the
wavelength range of about 13.2 nm to 13.8 nm. Preferred active materials are xenon,
tin or lithium. These three active materials are discussed above in the section entitled,
“Sources for 12-14 nm EUV”. Indium, cadium and silver are also possible candidates.
If one of the above materials are used as the active material than a noble gas such as
helium neon or argon should be used as the buffer gas. Nitrogen and hydrogen could
be added to the potential list of buffer gases especially if xenon is the active material.
The active materials which are metals are in most embodiments added to the discharge
chamber as vapors although they could be added as liquids or solids and may be added

in the form of a solution or powder.

All of these active materials are chosen because they provide an emission line in the

desired range of 13.2 to 13.8 nm and as explained above, this is because reflective
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the debris shield to withstand intense extrene ultraviolet radiation. A
preferred choice 1is powder and other material selected to produce

cordi eri twomanprsbsed of silicon manganese and al um num ARCTIVSE/MATERI ALS
AND BUFFER GAS Choice of Active Materials and Buffer Gases Several active
materials and buffer gases are available for generating EUV light in the
wavel ength range of about 13.2 nmto 13.8 nm Preferred active nmaterials
are xenon, tin or lithium These three active naterials are discussed

above in th ' . ' o : = 100+ UM [ cadi um
and silver S’PE@S; ggo%gdgis% Mtgpeéghv ﬁpdé{og .Ogﬁe%{ﬁre% H%ﬂﬁe abso{/a(kalEérihat}tf(ra&r1 ‘lial S are
used as t he wiehigeed apticat é@rhpdnats bacanaddvailgls irsothr waveldngth rangesdéoweror ar gon
shoul d be used as, the buffer gas. N trqgen, and hydrogen could .be added to
the pot ent i &tgher dharpthisp, gaesy hyasbs @élﬁgtﬁ ?Pfeyalilcr CQEFRPANGISE tqussien lipg

mat eri al . | | | | - ‘AL exdl Ijrent s
ndded to t no PR, SRR, RhicA o hEHaRleB T aEa Rl iak) Rl S EaRETEG o
l'i qui ds or $ialitedso alrdoreayetiforthdbed. in the form of a solution or powder.

Al'l of these active materials are chosen because they provide an em ssion
line in the desired range of 13.2 to 13.8 nm and as expl ai ned above, this

i's because reflective 41 WO 03/ Q8788 LR 4L1139 optics are available
with relatively good properti esjw—égig{ﬁr—rn—t his range. If and when
good opt i calFIGongxsiewsSfetaeola prefirtedizhtbodimeit bethe weasehtdnginkion angkigh| ower

or higher than this range, then the periodic table and correspondi ng
eni ssion | i ke agtiveegastinthis sassuke (Bixedel parhand fldrpagts et Belium isdniegied

terials. f . im 1. . . bove.
i ecton iR agh kRl ARRBRGHAs Bt ey bRR I HRRARE PR ne 0p, TV
of the presedivnktidsemlof @Blledlordiiteefor 8. h®ebeik icotle@as 61 doniphises aas@l deniédl xed 1

part and 14 parts with heliunm) is injected through the anode. The buffer
gas (in thi Sextpns pPIOUYREEITOW PRyspeeytays inglineyith rys petendipg Ham theaseradam of

RN T o R S
photons directed toward collector-director 8 to pass but retards substantially the
passage of debris generated in the pinch region which follows paths much more random
than the EUV light. Gas is exhausted from vacuum chamber 10 through port 14 by a
40 liter per second vacuum pump. Therefore, buffer gas flow from gas feed 12 through
the narrow passageways in debris collector 6 further retards the passage of debris from
the pinch and also retards flow of the Xe active gas from the pinch region into the
region of chamber 10. Therefore, substantially all of the debris from the pinch region
and active gas injected through port 24 is either exhausted through port 14 or coats the
surfaces of the debris collector or the inside walls of the vessel upstream of the debris
collector. This avoids contamination of collector-director 8 by debris from the pinch
and minimize attenuation of the beam by xenon gas since the flow of buffer gas

through the narrow passageway in debris collector 6 prevents any significant quantity

of xenon from entering the region downstream of debris collector 6.

Two Direction Gas Flow
FIG. 18B shows features of an embodiment of the present invention in which two
directional gas flow is utilized to permit a controlled concentration of active gas near

the pinch region with minimum concentration of active gas in the downstream portion
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the pinch region to collector-director 8 These passageways pernmt about
85% of the photons directed toward collector-director 8 to pass but
retards swbasastssal |y the passage of debris generated inPpchraSos/mabo regi on
which follows paths nmuch nore random than the EUV light. Gas is exhausted
from vacuum chanber 10 through port 14 by a 40 liter per second vacuum
punp. Therefore, buffer gas flow fromgas feed 12 through the narrow
passageways in debris collector 6 further retards the passage of debris

from the pipeh po¢ l?elaﬁﬂ)a?ﬁ t %;tﬂ% ec%ée%g’? Qéllh\{g?g? $En@R5ddcke tlﬂaé%}fatP? ;!/%I{at_%}l%fpi nch

region into the region of c ore, substant of the
debris fromanbée pBAadshoegiao?4 FEhd 8Bcin thés pmefsrredigrabdédishent) theunthoduoed g4 i s
ei ther exhausted through port 14 or coats the . surfaces of the debris

col | ector or‘S?HQSitﬂédeg mixiure olprenop and belagm. Heliym dsglsqintroduceg @bt as in

col I ector . Thi 5 RUBLISAGAL 2IIAHBARERLasRl BEH AUl eEk Al R4 Ui S from

the pinch and mnimze attenuation o eam by Xenon gas since the flow

of buffer gascudrhmaughoftthe typer desvyipdssbagewdas iffowdeddé conteslleldac tppsdue pr event s
any significant quantity _of xenon fromentering the regi on downstream of
debris col | euesspreat abet Yy &t inothe @irchregignand;a presusHRfbore i Esthst an

ebr P e ivficahce! R !
i i zod t o PR EERE e NG Ak B tnd el AREMOORRIon R Smleh 0 P

regi on wth dreqieritian thefloenfrdmith®©pinoh repfdn. ve gas in the downstream portion
42 WO 03/ 087867 PCT/ US03/ 11139 of the EUV beam path. In this case the
active gas is introduced through the center of anode 18A as shown at 24

FIG 18B. In this preferred wsgr%gﬂﬁﬁe%éﬁ&ég%%gced gas is a l1l/15 to

14/ 15 m xture of xenon and he o Introduced at 12 as in

t he above ert10di8€BhowsldiRtlien bfefictuiadchaguelfoosonbotlihgsRbiis a8l tie Rutegst ed at
14 with a vacuum punp of the type described above. Gas flows are

control | ed tadmisimizing£UYplsompiran byfthedssive gas Maspaessuredn the@inshiesion gi on
and a pr ESSUaI’b%Pﬁ&S?O lLﬂé tl%li% %x%éédi}n%{l%ggs AGH W RER QL r&gaﬁngage 168 Qpral%f t hat

gas flow fromtThé CcoO o irec regron i’'s nmuc er “than e flow
from the pi nghelpeBicdBebriddedni RPinchjregibhn HOmMAEachiigi theregivs oftéHectbB&iredieins

anot her preferred technique for controlling debris and the active gas
unit 8 and to minimize the quantity of active gas in the region beyond the immediate
volume surrounding the pinch region. The active gas which could be, for example,
xenon is injected about 3 centimeters upstream of the pinch region through nozzle 2 at
a rate of about 5 SCCM and almost all of it is exhausted via a exhaust port 3 running
through electrode 18A along its axis at a pumping speed of 50 liter/second. The
exhaust flow is provided by a vacuum pump such as design blower backed by an Anect
Iwata ISP-500 scroll pump available from Synergy Vacuum a Canadian company.
This provides a pump speed of 40 liters per second. The xenon is fed into nozzle 2
through gas pipe 4 running through the central region of debris catcher 6. Debris
catcher 6 is comprised of nested conical sections at 6A having surfaces aligned with
light rays extending out from the center of the pinch site and directed toward collector
director 8. These nested conical sections provide a relatively unobstructed passageway

for EUV photons produced in the pinch which are directed toward collector director 8.

The passageways are narrow and about 10 cm long.

Debris collector 6 collects (by condensation) tungsten vaporized from tungsten
electrode 18A. (If the active gas is lithium vapor, the vapor will also condense on the

surfaces of debris collector 6.)
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and mnimzing EUV absorption by the active gas. Gas pressure in the pinch
region is about 0.5 torr. In this enbodinent, gas flows within vacuum
chanber 1WoaBmsmsT anged to help deter debris fromthe pimch/usesings from
reaching the region of collector director unit 8 and to mnimze the
guantity of active gas in the region beyond the imediate vol une
surroundi ng the pinch region. The active gas which could be, for exanple,
xenon is injected about 3 centineters upstream of the pinch region through

nozzl e 2 at par ahe WPl AR ANNANPS inflcledoursubsin 8 BaNRIR via a

exhaust port nning throug ctro ong Its axis at a punping
speed of 50 ditectr /Bsacshuovn ThE2 and maoss of theobuffar gasaviedbalisted fomacagumpunp

such as design bl ower, backed by an Anect Iwata |SP-500 scroll. punp

avai | abl e fr‘g‘ﬁmé?né(? Srovel gxhaust eerhadiby (Y%%b‘éh?‘.‘mp'l(ﬁi)%“&”ﬁ&oéé ¢ YPSunp
speed of 40 J. i ] : gh gas
pi pe 4 runnidr?é&t e?%ﬁ‘g‘{?' ﬁ]%g)gggonge}glﬁt §€t§?ger¥‘%? ﬁﬁggﬁ%ﬁgﬁa gﬁg@legt.or%?bcﬂfs
catcher 6 i 3 mahpdir&eidnadwardshepinclorizivaland atltof dresbudfer g4 peavdsnigoagi thaces

aligned with light rays extending out fromthe center of the pinch site
and di r ect edeF§dAPRICHSESIANTERION @Y. bt igrthgabops examplestniseas Slevehalpssdetari ons

di : syt on:
Phe.pi nch wicoh SFactged 3R ihe BRRCRRRCHHR Richin® bk BYRCAES BREANECE v

are narrow afnthirafzesithe hthoant dfadgve dae b ths pathbof getlight eisddliected addirected
condensation) tungsten vaporized fromtungsten electrode 18A. (If the

active gas ity qolledipiadirecigrdito prosicy b ontowt FV Vaeaw. dbperdatares arerimportanir f aces
of debris C%e'c%&s% %ﬂeqei)rig'%cc%lﬁgf{o 8&? ‘&? ﬁlg%cgsgtg {ié‘[grilssgqllle@ﬁg f8elred1%§§ iééh' ch in
I's hell ed ‘downs 0 ect or I

t hi s enbodi nen umirs injec rream co rector 8

as shown at rifle@ivity @8 hetdle dabén e HEV beas path vEilhaeslaetherbeamyacuum chanber
10 through exhaust port 14 by a vacuum punp (not shown) of the type
descri bed above. About 90 percent of the heliumflow passes through

] di . ) . ) .
col fector '(rigscetx%:rauste% nqﬁgﬁ%gﬂ{%%%}ér{g@?&%%% Haleexéﬂé\&(f&l {oGfL Ythd IQ%A@' L\SO{ N

the buffer gas passes ca I on region

the above ex@apéghauitbd shrgagh poeVW4hahpslse deasxhatkht tosther Atessidrd Withbw pi nch
region fromreaching director-collector. 8 and also _mnimzes the anmount of

active gas ig¥cessivegas ¢psbyineafetal hejivm gnsifloyy indhis systesn isomdy ahouklq grams per
hour. Alternatively, the helium and/or the active gas may be separated and recirculated.

Lithium As Active Gas
Lithium vapor may more efficiently convert the pinch energy into useful light at the
desired wavelength range. Lithium is a solid at room temperature and a liquid between
the temperature of 180°C and 1342°C. Many methods are available to introduce
lithium vapor into the discharge and pinch regions. Lithium can be heated to its vapor
temperature and introduced as a vapor. It could be introduced as a solid or liquid and
vaporized by the discharge or the pinch or it could be vaporized with other forms of
energy such as a high power laser pulse or by some other form of heating such as a
resistance heating element, an electric discharge or rf heating. Lithium can also be
introduced as a compound such as Li,O, LiH, LiOH, LiCl, L1,COs, LiF, CHj or their

solutions in water or other liquid.

Lithium may also be delivered to the pinch region by means of laser induced
evaporation or ablation. Lithium metal target 30 will be attached to a holder mounted

from the central disk in the debris collector as shown in FIG. 18D. In one preferred
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by collector-director 8 to produce the output EUV beam These features are
i nportant because any debris accunul ation on the surfaces of debris

col | ectorwB msesis6es its reflectivity and active gas in tRreTESV/bA3aM pat h
will attenuate the beam Gas exhausted through port 3 is preferably
filtered and exhausted to the atnosphere.. Gas exhausted through port 14
may al so be exhausted to the atnosphere wi thout excessive gas cost since
total heliumgas flowin this systemis only about 16 granms per hour.

Al ternati vel e i r J e
recircul at ed. arlr_lf){éh? it?nlb ig%g{]%‘% 3&}8{@% %1‘:1 E@nsgg%%ég%n%re%ﬁ%r e ef%a iegieg%gl y
convert the apdroérggroéri@9 mhtoo20tel er pulgbit wah effoetivedmdser lengtivan Sl0arsgis h

range. Lithiumis a solid at roomtenperature and a quu(iééj ﬁt veen .t he

t enper at ur e Péfseiﬁﬁ@‘é}ﬁiwﬁﬂ“z"é‘* W‘i@‘ttﬁ%ﬂ%ﬁr&ﬁ‘@ silg of the gnede; ?Y\%P%Uce
l'ithium vap j [ | j kAl eat ed
to its vapo?’rasg‘ttg}rgggirlka}feu}gggan B?‘ﬁ%@;l%ufggggglgg‘%%g%?.lér{sgacou %Q%é{%‘?%dtjroduced
as a solid a6 thd gatdudmacichmbeapobispedobypprévandiete hangeinatiatmbter. plThishlager i t

coul d be vaporized with other fornms of energy such as a_ high power |aser

pul se or by IRERELYAMPOt HrenioTuiiaant tadieal by Iagneéal 3t sushs 2 Righeraisethat the
Chtroduced AEMEGREHEREORIHRAYY (hC lsRGPAGRO vapblii T TRE BB e (o o,

their sol utdeasis requirddti€sbout 5 01 HEW/¢rhY Uitdowes gokier I caalsalbg@viperael dtuer ed to
the pinch region by neans of |aser induced evaporation or ablation.

Li t hi um et dpteigavejaed Byitgyanor peessiire gehgiyen Empeiiiger nounted fromt he
central disk in the debris collector as shown in FIG 18D. In one preferred

44 \WDO 03/ 08 . L er uces a
pul sed | aserﬁ%éaaf)r%gc%@%%n&dﬁg%ﬁ tgéggﬁ}a?g%}ﬁé%@l gégg@ fbel(sﬁﬁﬁé %%&Q%qgm per

pul se, w th RGE e8AIiy pagkiet seitH Eingktal ad skvinat 385in FI@s 4@ dintl hhiolagdr eaid isdow 34
nount ed on the upstream side of the anode. The |ight wil]| Eass t hrough t he

hol | ow anoddasssd threughythg septengf the delnsshield B apshoyel af0inddGekt-ernal  to the

vacuum chanber to a spot of approximately 1 mmin dianeter. This |aser

ate thay ¢ naeaeBr SortfpleDySih fE e R ERb bt 1R, Plaph R 3 T O
vapor i zat i ometdlhe atinrgsteh platk winek is in turn mounted on a housing containing a permanent
magnet. This arrangement is mounted on an insulating shaft from the debris collector.
Li metal is further covered with a tungsten mask to expose only a small region of Li. A
radio frequency produced plasma is generated in the region in front of the Li target by
means of an RF generator operating at a frequency of 500 MHz to 2.45 GHz. The
discharge may be operated in either pulsed or CW mode. In pulsed mode, the

discharge will be synchronized with the plasma pinch. An RF power of 5000 W is

generally sufficient.

The generated plasma will be composed of the buffer gas, generally He. He ions will
be extracted from the plasma by application of a negative bias voltage onto the Li
target. A bias of 500 V to 2000 V will be sufficient. He+ ions striking the Li will
sputter Li atoms from the surface. Sputter yields over the bias energies mentioned vary
from approximately 0.2 to 0.3 for normal incidence. Significantly higher yields can be

expected for grazing incidence and for Li at elevated temperature.
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density required is about 5 x 107 Wcn2. At |ower power Li can also be
evaporated at a rate governed by its vapor pressure at a given

t enper at We.0308786n al t er nati ve enbodi nent the central regipom/ushs/ithe centr al
el ectrode as shown in FIG 18A is packed with Li netal as shown at 38 in
FIG 17 and the |l aser beamis passed through the center of the debris
shield 8 as shown at 40 in FIG 17. In another technique by which we can
deliver Li to the pinch regi on is to attach the Li nmetal to a tungsten

plate which is in turn moupggRiz gﬁ@ﬁslmégg}\@mgg a permanent rmagnet.
i i ating shaft

This arrangenent is nounted on an 1 nsu romthe debris

col | ector. The DRER@&N bie@rélmltmltnsvaﬁaﬁoﬂmﬂhrem technggues rachasflwiich lewpase only
a small region of Li, radi o frequency. produced pl as |s enerated in
the region Mn?ﬁ%teffé?t o )Y puipyt gfde teghnique grgIngHy vss Rt isPassfer at i ng

a a Treauengyaing eMFshik éluéﬁgg*@o 5 158 mellndaas e oIRY epe% rOREEAHE 1
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be sufficient. |ons ing

surface. Sputyt, eAth@hﬁé&la%’ glso tdbﬂlohsmedemetr e @&mﬁﬁﬂdﬂdﬁl‘s@drc\t aau be icrc@md
approxi mately 0O 0.3 for normal incidence. Significantly higher yields
can be expaemett fram thercathode bitiaside heanain yaquym yasseht Thisdyaeiledapiepdi-at ur e.

45 WD 03/ 087 PCTi US03 /11139 R Jhe DPF can be
prei oni zed \A‘gmﬁlc CET% SOS i ?’fgru %\ﬂé %%&ﬁg{g@%w% Al?lch have a
beneficial effect on EUV out put. The technique originally used in Cynmer DPF

is based on drivi (r;% a set of spark plug type pins 138 nounted in the outer
el ect rode ofThisitype @éaniganaeanshiogither hnq:ar(gr shageg)in ththfoga qﬁhﬁbc%!eﬁﬁllbén’@rl ven

byahighvol S Lt t uni Iar
out put of %866?9{1?3 fggnsm 50{? lglsor ‘%gn%hlrggl %ea(h &4 I’?IB late
br eakdown USI NsuléRar REMVETA Mok 21,8 the Eormitaidratefierirty erﬂIeZonéiMe Apegatbant s
have al so denonstrated that the r ei oni zati on source can be | ocated
polarity pulse or by an RF amplifier. We have demonstrated to support (10 kHz pulse
repetition rate). External preionization (antenna located outside of the anode/cathode
region) has been shown to be the desireable mode of preionizing the negative polarity

deep plasma focus. With positive polarity DPF somewhat better preionization is

achieved with the “internal” antenna shown in FIG. 1 above.

FIG. 32 shows that the timing of the preionization pulse must be adjusted relative to the
DPF main pulse to achieve optimum effect. If the preionization is too early (as shown
at 92) or too late (as shown at 93) the efficiency of the deep plasma focus is adversely
affected.
Preionize Injected Gas

Applicants have discovered that gases in metastable states are easier to preionize than
stable gas. Gases can be put in metastable states by ionizing them prior to injection
into the discharge chamber. For example, FIGS. 2A(4), and 18A-E show gas injection
techniques. In each case the injected gas could be placed in a metastable state by a high
voltage discharge (such as with 15 kV pulses with durations of a few ns) or by RF

preionization. These metastable states last about 50 milliseconds so with a gas flow of
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renote fromthe cathode but inside the main vacuumvessel. This is a coiled
antenna. Applicants have al so successfully used a straight antenna for

prei oni zawoon/0s7Bki s type of antenna can be either |inear ecralsapeds3sn the
formof helical coil. The antenna can be driven either by an RF simulator
delivering high voltage (such as about ) pulses at 13 Mz for 2 s, the
comut at or delivering either a positive or negative polarity pulse or by
an RF anplifier. W have denonstrated to support (10 kHz pulse repetition
rate). Exterpal L O i i-de:0f4; cat hode
Fagr o) has BE R o R e R AR

negati ve polSam upstredeegf the asgia of deysinchlisdhapgesi ti ve pol arity DPF sonmewhat
better preionization is achieved with the "internal" antenna shown in FIG
1 above. FIG 32 shows that the timng of the preionization pulse nust be
adjusted relative to the DPF main pulse to achieve optinumeffect. If the
prei oni zat i of,4 I SO i : O ; t 93)
the effici en%i/dﬂzefrrt%%lelﬁ@gg%ef(ﬁfiﬁ’gna fogdégﬁﬁegg%\ae\?%rsgée)@;hﬁél? egtFe h%grhéllaoni ze

I nj ect ed Gasheéygmioh ddertts thealischdigs cepien. etpyilicants gapese anRIrftqsheypd@ MHat es are
easier to preiaonize than stable gas. ses can be_ put in nmetastable states
by i oni zi ng % RerYPZiich upsTjadEeakgaWn Phihg XERRD &3 SRS HYE PHIFa AfEmat

exanpl e, FI : i) i t i g ach
case the i n?ﬁleégggélggfg p@%ﬁ?%@@%ﬁ%&%ﬁ""éﬂﬁ? ?ggggﬁde%gggétl'eﬂ-ﬁ@p rg ‘ﬁegh
vol t age di santiodamds aahagnstiofitld i3 appiiédpoldrest xehdhicth saigemestedto spetidiy ns) or
by RF preiaqnization. These netastable states |ast about 50 mlliseconds so
with a gas fliPGHoBS the@ingd dsshargeasinitpted Uso3/ 11139 about 1 nmisec there will
be plenty of metastable atons if the ionizing discharge is about 5 cm
upstream of the origin of the pinch discharge. Another techni que useful
when xenon is the active gas iNoizae Assdted Preioniddtionoi | around the xenon
inlet to the _discharge region. Applicants propaose an RF frequency of 2 Miz

to 2.5 Miz vHicaressaiaderdest mpeuatiaB RAELT light indprliragiadoyrh ganeratinn devigispe.
cout d be usdhin paraedor k3B nrAREleE: HEARERGnL BRIERE R D50 B T
di rect xenorlefit gide of thegRaseheii rdakdowspaeve docthat very high voltages are required for
breakdown to produce ionization. Ionization is much easier at higher pressures. A
solution, consistent with the techniques described in the previous section, is to produce
the preionization in the nozzle used to inject either the buffer or active gas into the
discharge chamber. Techniques for producing ions in the inject pipe are discussed
above. Another technique is to direct ionizing radiation to the injection nozzle from

inside the chamber as shown in FIG. 31. This radiation is preferably discharge

produced UV light or x-radiation.

Hydrogen as Buffer Gas
Applicants have discovered that EUV optics in its prototype devices become
contaminated with carbon deposition. A 1 nm layer of carbon can cause a 1% relative
reflective loss on multi-layer optics and more (up to about 10% for grazing incident
optics). One known technique is to add oxygen to the buffer gas to react with the
carbon to produce CO and CO,. However, oxygen can also react with the optics

producing oxide which degrades the optics.

47



| ocations the pinch discharge is initiated. Nozzle Assisted Preionization
The pressure for best production of EUV light in Applicants fourth

gener ati owodewsmes is in the range of about 100 niforr or PCedso3/THBSs
pressure the discharge puts us on the left side of the Paschen breakdown
curve so that very high voltages are required for breakdown to produce
ionization. lonization is nmuch easier at higher pressures. A solution,
consistent with the techni ques described in the previous section, is to

produce th L ani ' ' LA ' opuf fer
or active ggb‘spiﬂl’1 ﬁ%@% ﬁ‘g’t"gﬁﬁs@ﬁé‘&gg’%ﬁgﬁ}‘?rwﬁgéﬁ?ﬂaﬁ%s %@“E? gzout%i@r?éb ions in
the inject hechydfsgetidvesiasesbsortbaivis.5 Amptihethdsaabbngand it alsb aeatits eith
ionizing radiation to the injection nozzle from jnside the chanber as
shown in FI @Xygen. Alse.dhe bydregensauidaddedendy pefigdieallyfanshge tins pedivdeas av | i ght

or x-radiat ip‘aﬂ- oﬂ&%g%?&%ﬁgﬂogfég g)r cl@ﬁ% th%g r%{cg aaﬂh%eﬁﬁgyﬁ ?ﬁ;]eﬁctﬂé/ %Bﬁgs &Jéat EWV

optics in its prototype econe am nate carb

deposi tion. cfeahedim | ayer of carbon can cause a 1 %relative reflective

|l oss on multi-layer optics and nore (up to about 10% for grazing incident
optics). One known technique is to add oxygen to the buffer gas to react

with the carbon to produce ﬁr@]ﬁ?‘ﬁ Iﬁ?ﬁ@ ypyrgen can al so react with
the optics produci ng oxide ﬁc egrgdes %@hgptl cs. 47 WD 03/ 087867
PCT/ US03/ 11139 Applicants propoggtiiniri@ddapucdamgen to the buffer gas

preferably about 20%to 50% The hﬁgrogen does not absorb at 13.5 nm it
et ches car bokprlisants havel dissoverad thet thiethigheghplasas temperature gxistshandbeplagen| d

dded I ibodical ly for sh i i.od '
scded ort Y BRAICHSELL T Sin R bt ARERRTS 48 it e

programto c¢I'& & “optics are eaned.

OPTI M ZATI ONapdeSioNbSMESForEiveh ahdtle donpigaratianasd Hafier e esitiaur slaseover ed
that the highest plasma tenperature exists when the plasma, pinch event
occurs si mulfrontedldraxek dowhihe dengrh of therpaode iy @ gtven pBgunt ¢friime ordy given

amount of charge voltage. Maximum emission efficiency is obtained by adjusting the
capacitance value and charge voltage such that the peak capacitor current exists during

the plasma pinch event.

If a higher input energy level is desired and thus a higher charge voltage, then the drive
capacitance must be reduced so that the timing of the drive waveshape matches the
plasma run down time along the length of the anode. Since energy stored on a capacitor
scales as the square of voltage and linearly with capacitance, the stored energy will
increase linearly with voltage as one decreases capacitance proportional with increases

in voltage.

FIG. 13 is a drawing showing the measured drive capacitance voltage, the measured
anode voltage and the EUV intensity versus time for a preferred embodiment with the
capacitance properly chosen to produce maximum capacitor current during the pinch. In
this case, for a 2 cm long anode, a He buffer gas pressure of 2.5 Torr and a C,

capacitance of 3 pF.

Optimum Shape of Central Electrode
Applicants have discovered with hollow anode configurations, that the plasma pinch

grows rapidly along the axis once the pinch has been formed, and will extend down the
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capaci tor bank. For a given anode configuration and buffer gas density, the
plasma front will travel down the length of the anode in a given anount of
time for wWOgBweme7 anount of charge vol tage. Maxi num em ssiPem/ushi/iaBency i s
obtai ned by adjusting the capacitance value and charge voltage such that

t he peak capacitor current exists during the plasma pinch event. If a

hi gher 1 nput energy level is desired and thus a hi gher charge voltage, then
the drive capacitance nust be reduced so that the timng of the drive
waveshape } : u 1 ; node.
Si nce ener gf/ép g?@éé{ﬁ ﬂgenhogﬂog;%g)g% t g}sdtﬂgg)é#eﬂsggg&t gnggﬁéﬂrééjagf‘ula{}gh@ggocgnd

l'i nearly w trhudhaypdapé aloag its ldngtisiml @tareneergccwislacross therseeaee ofitheamdde. wi t h

vol tage as one decreases capacitance proportional wth increases |[n
vol t age. FI &neisplytiondo greygntihisameaysignakse umﬁ%%ﬁme P&%‘ﬁ%& pPhysical

voltage, th 0 J i 1 for
a preferr edeoélﬁ‘%gél’l %@%ro%ﬂ} ﬁﬁ? % glntcgg%g@? %%%{ggn%r o?e?%@qg %%6&% %% gé%lr'lgé uce
maxi mum capagbot@r Agdthee Bdludom,i togretitiee the math.of Ipincht lehgthaaewth d@wn @nt@ then | ong
anode, a He buffer gas pressure of 2.5 Torr and a CL capacitance of 3 F.

Opt i mum Shagwllgw aneds. istp inqrease theppemgigmetes psiderths anode 8RR FRIPUGS SHOWD| | ow
g i . . urst | .
ohce the pi ARSI add DGR O SHURR 860 O UBLR RN B! 8- O5°

PCT/ USO3/ 111538, apigitevigus litefafge Biedwswhdlvadamodésvithhi congtamatimgisioshollow engt h,

it eventually drops too nuch voltage along its |ength and an arc-over
occurs acrodriere FIEP.adA.JAB: heCard daD shoyexamples od pinch sharey &1t varigns
arc-over makes, Us [ . Vi a ' j o the
ar owe n ot " HOgrgeS el “e SARENGLR AN IOT LT ESe S Shal

above. Anot hgap&ol ution, to reduce the rate of pinch length growth down
into the hollow anode, is to increase the open dianeter inside the anode
narrow region as shown in FIGS. 14C and 14D(1). This slows the growth of
the pinch | ength and preventgarc-,pver ' literature shows a

hol | ow anode with a constantE’%ior%reedngfn fh ﬂfg#ncg%i %%éggpﬁ%n. FI GS. 14A, 14B, 14C
and 14D shovgigxadip bRSma furPddveditise ApREmines wheérciodUse drive voltage waveshape the

pinch occurs, Applicants have been able to adjust the duration of the pinch portion of
the plasma focus device by changing the amount of exposed anode and thus the duration
of the rundown. The buffer gas density is dictated by a desired plasma pinch diameter,
and the drive capacitance is in practice limited to within a certain range. These two
parameters, combined with the drive voltage determine the desired run down time. The
run down time can then be adjusted by increasing or decreasing the length of exposed
anode. Preferably, the run down time is chosen such that the plasma pinch event occurs
during the peak in the drive current waveshape. If a longer plasma pinch duration is
desired then the exposed length of the anode can be reduced, thus shortening the run

down time and causing the plasma pinch to occur earlier in the drive waveshape.

RF Powered Vapor Production
Metal vapor delivery schemes described above depend on raising the anode temperature
sufficiently high that the vapor pressure of metal reached a desired level. Such

temperatures are in the range of 1000 — 1300°C for lithium and 2,260°C for tin.

An alternative is to fabricate an RF antenna from a material such as porous Tungsten

infiltrated with Lithium. This porous Lithium filled Tungsten antenna 50 is placed
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hol | ow anode shapes. The configuration shown in FIG 14D shows the shortest
pi nch shape. Exposed Length of Central Electrode Since the plasnma run down
ti me det ewoiones’sgthere on the drive voltage waveshape the Pppirrush3/oasurs,
Applicants have been able to adjust the duration of the pinch portion of
the plasma focus device by changing the anobunt of exposed anode and thus
the duration of the rundown. The buffer gas density is dictated by a
desired plasnma pinch dianmeter, and the drive capacitance is in practice
limted to w.thi:n ' gﬁ&g@ e i ith the
drive vol ta\é&gkgféﬁségem&ﬁghﬁ%s esi rI&ﬁ?ﬂ?ﬁ&%ﬂﬁm’t\’i&%&@ﬁgEé?tﬁggglgaﬁggygé can

t hen be adj usitad fear thkcaasiangillodriviecff esnnthat e dvaapgup byfthexgpofied S4anode.
Preferably, the run down tinme is chosen such that the plasm pinch event

occurs dur ithgpughthesenter phthe hellow aedeand thekithipm sdamyearriqd toghg they| asma
pi nch durati S I gcg]@gc e
reduced, thuaglgcs1 'O;FP gﬁ%éfe@ﬁ%lbgﬁ# g@gﬁn&pﬁ% re;rlgﬂ%n cgﬁgﬁ%gﬂg?ﬁg@gﬁggﬁgﬁﬁnch to
occur earl i &RF bourtd)elndaddvsonyahweesdrapeTurdgsteRainede danvbp oraidtainetliwith oliis RE al
vapor delivery schenes described above depend on raising the anode

t enper at ur e driyget ¢ tameratyrespiiciant far ligid metalle Wickur frem axeserkeinfo plagedhed a
desired | ev ures are in the range of 1000 -1300C for
l'ithium and t@%%gpoéﬁp?ﬁﬁ n alternative is to fabricate an RF antenna
froma material such as porous Tungsten infiltrated with Lithium This
porous Lithiumfilled Tungsten antenna 50 is placed 49 WD 03/ 087867

PCT/ US03/ 11139 down i nsi de t he EAR6dRQRE ING FIG 15. RF power source
52 creates a plasma-layer on . will drive off atons
that are swept up by the gas f@%llgggf%:%l}%}ga&ﬁéctﬁéggcent er of the hol |l ow
anode and thg éi;&fbhw BindbAIRentasfl the GrdsenttiRtertiod thé céliml anddedes ahhitdidd e of
metal ion production is easily controlled by the power |evel of the RF
source. |n adaneteoin therangsoplothoutrQrigemda lahvem. c diesentiigli dhecdiode absgrbh t hi s
RF drive at ratur figient of Liqul d et al i m a
Feservor r 0Bl ehdeY dhe Wpbie Bafht R forkeachalfBe bR S abyifes o

radiation from the plasma pinch. Cooling in the range of about 15 kw or more may be

required. Because the gas pressure are very low there cannot be much cooling due to
convection through the buffer gas. Radiation cooling could only be effective at very
high anode temperatures. Conduction down the anode length would require a very large

temperature drop.

Heat Pipe
If lithium vapor is used as an active gas and is injected through the center of the anode
the anode temperature may need to be maintained at temperatures in the range of
1,000°C to 1,300°C or higher. This high temperature of operation, substantial heat
removal requirement, envelope considerations and the high voltage limit the choices of
cooling technique. One technology, however, a lithium (or other alkali metal) heat pipe,
offers the potential for a relatively simple and robust solution. Lithium heat pipes begin
to operate efficiently at temperatures about 1000°C. The specific design of such devices
typically use refractory metals, molybdenum and tungsten, for the casing and internal

wick and can therefore operate at very high temperatures.

The simplest embodiment would take the form of a tubular or annular heat pipe that is

integral with the anode of the DPF for best thermal coupling. A likely embodiment
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Cooling of Central Electrode In preferred enbodi ments of the present

I nvention the central anode has an outside dianmeter in the range of about
0.5 cmt ow0.0388w@r1 The central el ectrode absorbs substantcalusenerigy due to
the plasma fall during discharge and due to absorption of radiation from

t he plasma pinch. Cooling in the range of about 15 kw or nore may be

requi red. Because the gas pressure are very |l ow there cannot be nuch
cooling due to convection through the buffer gas. Radiation cooling could

0N Y, D8 1 T SGbL Be Bl Y1 end e BOARSy LATRAY B W 6iToo CRRAHFL A0 HGADE e

anode | engt h wou require ver tur He e |If
| it hi um vapahe DQFuB@dva&s)famemﬁplveung)a(islnandla:r&terrsplath@dpnpb rangling hekdent er
of the anode the anode tenperature nga be nalntalned

dto
t enper at ur esvewd hawe arvigitdensity of i/ SkBdin d;l Qﬁgﬁ@}e JoATrFOgMaF heatpipe ﬁwi@g]an
conei dor at | 0 ERE AR anTbaT bk AmdlRl 15 TR NEY RIS TR M Y] 0P

techni que. QfestekWrial (Y k Womey eBoth af klicshexampley ilbiae thad Ikaénnalrefﬂils) heat
pi pe, offers the potential for a relativel | e, and robust sol ution.

Li t hi um heatteghnglogy istnge Wat‘tdfnélﬁé$ fardn équ%pghi kV/em® havedsendgmensteest
1000C.  The Svggle {ifilofin gét'pq Offy %B%Eg?ﬁmﬁ:&e@gest YRE % &'v#i%n{aﬁftélﬁférgﬁﬁ(e

netals, noly Aum an gsten sl ng an and can

theref ore opgidé® abng\ldiylehgbiant eapbs aindidesed afheviaj opiseat tedipesdtiarith woul d
take the formof a tubular or annul ar heat A(E)e that is integral with the
C

an;)de of théer}zﬂu:fqr?:raqi@gk purpeseprailherstose.ithe) iGCR@qlﬂylS%rhﬁ%P%ﬁthegmlm
03/ 087867 PCT/US03/ 11 | bl | d
rize dmlll %Fﬁ) b sg{nﬁ\éfg k;graplﬁe F%y ﬁ&veDg(?_Iﬁjaé o trgﬁ?\gleehéa\quo\fn QIth ;ﬂu'

or vapo U asma o an exanpl e,

0.5 inch di m&éfseﬁaidlo@tﬁw@ht mp@@pkﬁlmuleﬁwodﬁndﬁv\n’nawullik radMﬁv@cdwhg tddensity
of 75kWin2 (11.8 kWcnR). An annul ar heat pipe havin QD of 1.0 inch

and an | D ofa h@nd seplantirach agwasTidagkst. Radiative beet traagter acalm as thedeyrtly of
25. 4 kW|n2 ese ex | t enti al
of this Pivtff 6’@6’39 ?%télre\lxgﬁctref&é é}l e taﬁg%n?r@%:flgrs%ﬁ ?) gf@ i&? aﬁgﬁ have
been demnst;{ra;s@sed opérating teiﬁ}ietﬂmrhﬁa’!l‘h@hm?plpd Wol@ B atur@uhdel ®ttanPhpelar have
only a very small tenperature
water heat exchanger capable of steady state operation at 15 kW. Other embodiments
may insulate the condenser end of the heat pipe with another material such as stainless
steel and cool the outer surface of that material with a liquid coolant. Whatever
technique is used, it is important that the heat pipe is not “shocked” with a coolant at the
condenser, i.e., forced to be much cooler than the evaporator end. This can seriously
impact performance. Also if the heat pipe temperature falls below the freezing

temperature of the working fluid at any point along its length (~180°C for lithium) it

will not work at all.

Restrictions to the operating temperature of components near the base of the central
electrode (anode) may require that heat transferred to this region be minimized. This
condition may be accomplished, for example, by coating the exterior of the heat pipe
with a low emissivity material near the region of lower temperature tolerance. A
vacuum gap can then be fabricated between the heat pipe and the desired lower
temperature components. Since vacuum has very low thermal conductivity and the heat
pipe is coated with a low emissivity material, minimal heat transfer will occur between
the heat pipe and the cooler components. Maintaining a controlled anode temperature

under varying power load levels is another consideration. This may be accomplished by
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gradient along their length and can be consi dered as havi ng const ant
tenperature with Jlength for practical purposes. Therefore, the "cold"
(condensewd ogngisef the heat pipe wll also be at sone tempEn@sbzirEasat or
above 1000C. To renpove heat fromthe condenser end of the heat pipe a
preferred enbodi nent may utilize radiative cooling to a liquid cool ant
(such as water) jacket. Radiative heat transfer scales as the fourth power
of tenperature, therefore, high rates of heat transfer will be possible at
the propos i heS. i I r ed by
an annul ar - Tt Rl sERER TP RER: D Snd A w1
kKW O her erhhisderevdiui] bedyitddrs finished fdrdighorefledtsaty oaritd inder idieendiaand forpe Wi t h
anot her material such as stainless steel and coal the outer. surface of
that materi dPW\AMIBSIHD] PRy ifs P gliameter. WHathg yhinder g Hilly, H@elit%c{ betwgen the j s

i nportant t . I | oSk TR :

condenser, ?%?@%r@gée@ﬁ E%{Vantﬁggéoé%%?%% ﬂaghzm[ohgv lg\?ggégireg{%grb g%kr%gt.}&fihi S can
seriously ith@iaat pipe tHus retRiing thepsaer iffowt fildn hedttpipei tp facketperthd ‘tregriétar’ s
below the freezing tenperature of the working fluid at any point along its
| engt h (- 18G@indsr 15 iextaqled) ajgreatesj prpporyen b the g@atanlp(? s |Readsnsert sagadige t he
operating tepperature o r 1he;. > el ectrode
(anode) may Jrlgéat&ﬁ’ }r)ﬁeiot ea{\/atgrgép?e??lg%% err g?ft t'gdjpﬂlﬁlgnfr%efgtp%ﬁre%gl@{&; ﬁ\!"’ns%tg‘le“d. Thi s
condi ti on majudRnBeEARPpowHERbw Whicheeartht steadiystato dperatng egnperdi@eioftheof the
heat pipe wth a lowemssivity material near the region of |ower

t enper at ur e heal pa o ultimatelithnanodap can then be fabricated between the
heat pipe and the desired | ower tenperature conponents. Since vacuum has
very |l ow thermal conductivity and the heat pipe is coated with a |ow

en ssivity rmabesferadd edibdtiifht aat hdat piief @oling id sHoeauin KIS, Wweehowh hie theeat
pi pe and the cool er conponents. Miintaining a controlled anode tenperature

under varyi rigaviogare danodei8 A esadiosle 88, andonsidatordemprtdt: dr thivcasqhitlyumgippere

e hoat *pi peuad ikdclsy e 4Ra s RO i e RS N BEEEp "

coated or figTafib®BA 8¢ sHowaatuad| aabily8A Vs &sbldd with Nifteim GearPipesysritd4or | ow
em ssivity on its outer dianeter. If the cylinder is fully inserted between

the radi at icemphishg lithipm heatpips 444k ighivmowithin the heekisanster segien #4rofiljlert be
reflected bapclpi)(e i&lvv\%iagrizer near the hot end of the electrode 8A and the vapor flows toward the
cooler end of the heat pipe where heat is transferred from the heat pipe by radiative
cooling to a heat sink unit 446 having a heat sink surface 448 cooled by water coil 450.
The cooling of the lithium vapor causes a change in its state to liquid and the liquid is
wicked back to the hot end in accordance with well known heat pipe technology. Inthe
embodiment a restrictor cylinder 452 slides up and down as shown at 454 inside heat
sink surface 448 based on a drive which is part of a temperature feedback control unit
not shown. The anode heat pipe unit also preferably comprises an auxiliary heating
system for maintaining the lithium at temperatures in excess of its freezing point when

the plasma pinch device is not producing sufficient heat.

Water Cooling of Central Electrode

Another preferred method of cooling the central electrode is shown in FIGS. 20, 20A,
21 and 22. In this case water under pressure is circulated through the central electrode.

Central electrode 8A as shown in FIG. 20C is comprised of two parts, a discharge
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t he heat pipe thus reducing the power flow fromheat pipe to jacket. As the
"restrictor"” cylinder is extracted a greater proportion of the heat pipe's
condenserwoan/osmdi ate directly onto the water jacket heatCarshangay .

Adj ustnent of the "restrictor” position thus controls the power flow which
sets the steady state operating tenperature of the heat pipe, and
ultimately the anode. A preferred enbodi nent using heat pipe cooling is
shown in FIG 16 shown in the drawi ng are anode 8A, cathode 8B, and

i nsul ator el t i Ly ihiSie Y364 ive gas
and is deli ??2 ?%%5%Pﬁ%£g?§g%§‘géakﬁghggkﬁgﬁggﬁgﬂﬁfhe c@%?g%pégpﬁghode 8A
as shown at Riglch, Ab@tienAndslooediped 84 icbmipritddl afrsineaéd pingstes.y STienoutd?
conprising lithiumheat pipe 444. Lithiumw thin the heat transfer region

446 of heat ¢lgsirpde 3B is magsopitye partreald BRé apdt bass §Bgs bath gorapited PEEONE and

the vapor f lh?ﬁf%err#:? E@ﬁ%& ﬁﬁ?eglia% g&g%d e ?Jadé%er@ cogI p?hwaﬁirdg ntb%ﬁal iii ni t

transferred y radiative cooling to a heat sin

446 havi ng allrab. Jheloutefeatededid nadeoh edo parts@tprovide watet pssagebIB0do0! | Ng
of the lithiumvapor causes a change in its state to liquid and the_ liquid
is wicked tsaeling et oitemelectendg. i Theadlecsiodanars wpulatedudram redwpiherel mgipe
technol ogy. .l n.th I m|ant estrh Ct oL j r 4 ! .and down
s shown-at B F4cSEBREL NS RebERACHF e LOERE, o PaeSI BE oA

part of a t%?@ﬁ@ﬂ%ﬁsf&iﬁﬂé&b%@dél ®asy 888 andid polyaiides heswipreldisblangeorhaat pi pe
unit also preterably conprises an auxiliary heating systemfor maintaining

t he |ithi umaxyailabderiornbupers).i dheweesspags throughs the centiy glesitede ishehewn e

Gont ral "Bl cotiBd SR EIEA06T ERHBlcty Stk S lissaeR bR c o

i's shown i n shpgiSand SeturAGRow indhe alBctrotids. Pattd§A S 80290 d 8ABRKe braided togedesure i s
circul ated through the central electrode. Central electrode 8A as shown in

FIG 20C i s ustgm gaidnickel engsldieanpss brazaiingienak syeh 39 Nijgnd @850 s
PCT/ US03/ 11139 portion 8Al conprised of single crystal tungsten (avail able
from Mateck GvBH, Fuelich, Germany and | ower part 8A conprised of sintered

tungsten. The outer el ggiASNVA BROBWIEEER ADIAMRIPIDOWN |id 813 1 and a
base 8B2, both conprised of an oxide hardened copper material sold under

t he tr adenarfyeferied emypodimentsond the presené invgntipm utilizes the pulse power features, the

radiation collection features and the debris control features described above with any of
the electrode arrangement as described in FIGS. 2A, 2B, 2C and 2D. This electrode
arrangement provides advantages and disadvantages as compared to electrode
configuration such as that shown in FIG. 21. The electrodes have greater surface area
so that thermal problems may be minimized. There also could be less filamentations of
the discharge and perhaps better plasma confinement and possibly better radial stability.
Applicants believe they can design the electrodes to produce pinches along the axis of

the electrodes as shown in FIG. 21.

USE OF MULTIPLE EUV SOURCES
As indicated above a preferred application of the present invention in for lithography
light sources for future machines, at least the production versions, have not yet been
designed and built. It is possible that illumination power may exceed the illumination
power that can be conveniently produced by a single EUV source source utilizing the
technology described herein. In this case two or more EUV sources could be combined

to provide the illumination needed. Preferably the light from each of the sources would
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alum na. The outer electrode is nade in tw parts to provi de water passages
460 for cooling the outer electrode. The el ectrodes are insulated from
each ot hewolwg/osmsn | nsul ator 462 conprised of boron nitripda/us03/si1B9 con
carbide, a layer 464 of alum na deposited on stainless steel base 8A3 and
a polym de 466 (preferably Kapton as available from Dupont). The water
path through the central electrode is shown by arrows 468 in FIG 20C.
Cylindrically shaped stainless steel partition 470 separate the supply and

return flow (yfﬁl @%}?iﬂgﬁ%%ﬁ% es Al to%ﬁﬂsed%%ib_%@ﬂ Suéﬁ@g Rjdidlo %@1 tg%get her

using a gol opper braze nateria N|or

An-50c.  PLABMAhichNd]dbe the RAnicé\for R\ DOXYpRY edudpment. enbodi nment s of t he
present invention utilizes the pulse power features, the radiation
collection features and the debris control features descri bed above with

any of the el ectrode arr apes gﬁg LI?%M?\(%H@S 2A, 2B, 2C and 2D.
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the axis of stdidpuled @&iférﬁﬁlﬁsand%émwﬂmwésdﬂ G@hichlincluds tﬂ:el%&ﬂaeRbEdEKﬁé
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conveni ent | Ysupploes@dntharbes, lpB%ﬁdlEl‘rMuﬁ@Mﬁﬁ;&m?Mﬂlﬁd hﬁalnbgeﬁldwfdrheohng
technol ogy described herein. In this case two or nore EUV sources could be

conbi ned  t ovaeroanddagastchptrel) pigntoeried tna peRPQEEqumNeSn calingt sepaateifegm the om
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which also could be in the separate room, in lithography unit 126 are illumination

optics, reticle, reduction optics and wafer handling equipment.

ELECTRODE EROSION
Minimizing Erosion
Applicants’ experiments with their early prototype EUV device show that electrode
erosion is a serious issue and Applicants have developed several techniques for dealing
with this issue. Applicants have discovered through experiments with their fourth
generation plasma pinch device that the inductance in the discharge circuit increases
dramatically at the time the pinch occurs greatly reducing the current flow and
producing an increasing electric field between the electrodes. As a consequence a
second breakdown occurs between the anode and the cathode generally near the tip of
the anode as shown in FIG. 2A(2). This produces erosion at the location of the
breakdown. Applicants propose to minimize this problem by providing a means for
promoting their post pinch discharge at a location where erosion is not a problem. One
technique to inject a plasma containing gas in lower region between the electrodes to

produce the post pinch in this lower location far away from the anode tip.
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In preferred enbodi ments portions of the EUV |ight source unit is
integrated directly into a |lithography unit such as a stepper machi ne as
shown i n WDG@3/028621). The integrated parts may include treTasnsrensat or and
t he conpression head of the solid state pulse power unit and the vacuum
vessel which includes the electrode set, debris shield and radiation
col l ectors and turbo-nol ecul ar vacuum punps all as shown at 120 in FIG
2A(2 1). Support equipnment (including electronic controls, high voltage
power supply, resonant charger, power distribution systemand fluid
managenent for cooling water and gas control) are located in a support

equi pnent cabi net sepaSpiter Rephicérhent off Mdweripl &Epddedfronh Apelde ch could be in a
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material as the anode and cathode specifically designed to erode by sputtering. These

sacrificial electrodes will be positioned so that sputtered electrode material is directed
to regions of the anode and/or cathode suffering worse erosion. Preferably the
sacrificial electrodes are designed so that they can be easily replaced or periodically
extended into the discharge chamber as the erode. Some of the sputtered material will
collect on insulator surfaces, but Applicants have leaned that sputtered tungsten

deposited on insulator surfaces in these devices is not a problem.

Insulator Covered Electrodes
Applicants have discovered in actual experiments that center electrode erosion can be
greatly reduced by covering the side wall of the center electrode with insulator material.
By covering with insulator material portions of the electrode which would otherwise
face high current densities, the post pinch discharge current is forced to spread out over
a larger area in a different region of the electrode. This technique can be employed to
reduce the current density in the area of electron or ion impact on the anode or cathode,
respectively. The reduced erosion rate leads to reduced debris generation and longer

electrode lifetime. There is still some erosion and debris from the sliding discharge
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anode erosion with |long-termoperation. As indicated above the principal
expected use of these plasma pinch devices is for integrated circuit
product i omo 03h8B6Treans the device nmust operate substanti acirusesntidnuousl y
for many days or weeks between maintenance down tines. Therefore,

techni ques nust be found for increasing electrode lifetines. A potential
technique is to provide a sputter source for sputtering electrode nmaterial
onto one or both of the electrodes. FIG 25 is a sketch show ng
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di schar ge 530V Bdu@ghgpincreire aSbBUVIawput. across the insulator, but it is
not so severe as the electrode erosion. The so-call ed

Preferred embodiments are in FIG. 26A and 26B. In FIG. 26A insulator 60 covers the
outside surface and in the FIG. 26B embodiment insulator 62 covers the inside surface
in addition to insulator 60 on the outside. The anode in both FIGS. is identified at 64
and the cathode at 65.

Pyrolytic Graphite Electrodes
In a preferred embodiment the discharge surface of the anode shown at 8A in FIG.
2A(2) is covered with pyrolytic graphite. The body of the anode is copper or tungsten.
An important advantage of this design is that carbon is 15 times lighter than tungsten
(the principal prior art anode material). Therefore, the carbon debris is much easier to
deal with in a debris shield. Also graphite does not melt; it evaporates. Preferably the
graphite should be applied so that the atomic graphite layers are aligned perpendicula}
to the surface to improve thermal conductivity and to minimize erosion. Prerably an
interlayer is applied between the pyrolytic graphite surface material and the substrate

electrode material to minimize thermal stresses.
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"flash-over arcing"” which |leads to high erosion rates occurs only on
conductive surfaces. It can therefore be elimnated in regions where the
el ectrodewD308MeTr ed by the insulator. Thus, a preferredpemhsdi/mass is a
dense plasma focus wth the usual anode and cat hode configuration, but

wi thout a sliding discharge along the outer dianmeter of the inner

el ectrode (run-down |length). Instead, the inner electrode is covered by a

| ong insul ator tube which protrudes, i.e., the dianmeter of the inner
electrode is elimnated. Even thought the effective inductance is slightly
i ncreased, an intense pinch still occurs on the axis |leading to EUV

generation. In contract to conventional dense plasm focus devices, there
is no run-down occurring along the inner_electrode. The inner surface of
the inner el ectrode may alsojéhE%BB» LAGEMEN.t or material to
elimnate flash-over arcing in this d.eqANgeJNi s i nsulator has to have the
appropriate inner dianeter in order not to reduce the pinch size and EW
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thermal conductivity and to mninize erosion. Prerably an interlayer is
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PCT/ US03/ 11%BRe elbdtifdE Meﬂéﬂ) ABEYERRBping the collector chamber under (near-) vacuum
during this time. The source chamber 69 will require more frequent venting compared
to the venting required for the collector chamber 70. The collector mirrors 66 and also
the debris trap 68 will be protected when maintenance is carried out on the source by
use of the proposed shutter. Therefore the lifetime of the collector (and perhaps also of
the debris trap) will be greatly increased. Since a very short distance is required
between the pinch source volume 71 and the debris trap and collection optics entrance
in present designs, there is usually not enough space available to accommodate a
separating gate valve. When the proposed shutter with seal towards the collector
chamber is introduced, only very little space is required to accommodate it. The
collector chamber can be kept under (near) vacuum, since the shutter will be pressed

against the sealing surface by the ambient pressure of the vented source chamber.

The advantage of the present design is illustrated in FIGS. 27A and 27B. The prior art
drawing FIG. 27 shows an arrangement with a gate valve 72 separating the source and
collector chambers. However, present designs require a distance of 100 mm or less
from the plasma source volume to the entrance of the grazing incidence collector optics

and thus usually do not provide enough room to accommodate a gate valve. UHV gate
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Shutter Wth Seal Wen the plasma focus source conponents and collector are
contained in the sanme chanber any nmai ntenance of the source requiring
vent i ng vwblo3lsnge7 di sadvant ageous effects on the col |l ect @cTnisos/orig9 and

al so on the debris trap. A separation of these conponents into two
chanbers with respect to vacuum should be very beneficial. However, prior
art designs with respect to position of debris trap and collection optics
just do not provide the space required to accommpdate a gate val ve between
the two chaphe ' -hay: . J fgr ¢ he
sour ce chanber ?§P“ﬁ§?%%§ﬁ§%@%Q@PFFﬂ@yﬁP@@?ﬁ%ﬁ@eggkﬁgﬁéﬁéﬁ{?ﬁﬁgﬁ?e eepi ng
t he col | ect pesifigdidicterndes a flagge-to)flange distancelusfi 89go 100 erhi Therefble sschur ce
chanber 69 wll require nore frequent venting conpared to the venting
required forsatevalvespreomitied mrpsessatdesigns. Thas b thebig disagyantagedha gacitimes| so

t he debris M E ] - mal ceni Lhed. on the
sour co by AR spRifh For infuBhakERE AR SRR TRl B MR BREMEE Uo.

col | ect or (ardteBeER@PSEntihg Oycdd hastdivad dettddesus efee)s foi the vbig seiisitistel aplleaier eased.
Since a very short distance is required between the pinch source volume 71
and the debrapsics. Fasthaymaeredhe pempeawe pimeds langenfanbe collegtop elasher coperareths |
there is usuyal,ly not . S [ | S i ng
gat e vai ve. s oRRE oERBNT RS TR (bl AESRIVRENT I st
chanber is igAmBelUdRE noPRéad toeteyvenitddt daeh SIHRC@hérs tHeedutdeathainbertisoemadat e
it. The collector chanber can be kept under (near) vacuum since the

shut t er wi | Isevesalndzantages existi Thetcotlpriorsentics peptaminptier isgpduced apgiheoptics
pressure of ;the vented sour chanber. . t.age. o t design
PLTT ! et o LSl 56 SR Slaia R YL AR 1 ek DS PhERRG 10
an arrangengjiimpMdvin of @helcBllydbvVdhambesis Reduited g tHeh@d W thieCRaiatdandeoldrCt Or
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from t he pl aShesensiivedebyisitigmss aloo preéectadiictifce of the grazing inci dence
collector optics and thus usually do not provi de enough roomto
accommobdate a gate valve. UHV gate 57 WO 03/087867 PCT/ US03/ 11139 val ves

f r om vacuum EeppyB Sicwdd grpéed methdnidil stvelr 12R0h Miduuat scAOirér et s6268 1)

openi ng di aneter have a fl aQH]e- to-fl ange di stances of 80 to 100 mm
Ther ef ore, ghepollector chamber. The shutter has an o-ring seal on the side facing the collector

chamber just like the plate of a gate valve. The space required to accommodate this

shutter is only 20 mm or perhaps even only 10 mm. In contrast to a gate valve the
shutter can provide a vacuum seal only with respect to collector chamber and not for the
source chamber. However, this is sufficient, since in most cases only the source
chamber needs to be vented (shutter in closed position as shown in the figure). When
the collector chamber needs to be vented, the source chamber can always be vented, as

well, without any disadvantages (shutter in open position).

When the shutter is approaching the closed position, it is pressed with its o-ring seal
against the sealing surface of the collector chamber by a notch or protrusion near the
shutter end position. The sealing surface may be conveniently located on the outer
circumference of the debris trap (holder), for instance. At the start of the source
chamber venting, the increased pressure in the source chamber will push the shutter
further against its sealing surface with a force which will increase with the increase of
the pressure in the source chamber. At the beginning of the venting some small leaks

may still exist towards the collector chamber, but this can be tolerated. When the source

58



gate valves are omtted in present designs. This has the big di sadvant age
that each time when venting for maintenance of the source is required, the
col | ect orwolvankms7i s al so vented. Each venting cycl e has pdirTasdyansageous
effects for the very sensitive collector optics. Furthernore, the
punp-down tine is longer for the collector chanber conpared to the source
chanber since its vacuumrequirenents are nore severe. If the collector
chanmber does not need to be vented each time when the source chanber is
vented, se 0 ' i is
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i n open posﬂloilé%?ref\méﬁptsr’r’é%ﬂ’%ﬁker i s approaching the closed position, it
is pressed with its o-ring seal against the sealing surface of the
col l ector chanber by a notch or protrusion near the shutter end position.
The sealing surface may be conRe&naceable Eldcaodé dbdale t he outer circunference
of the debris trap | der), for instance. At the start of_the source
chamber ventArgh efﬂ?éﬂ%’@rt@émlfbP’@%‘Qﬂeefephc%m@ts%@r‘@élgéﬁ%ﬁ@gy device fpush t he
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03/ 087867 PCPMpEsed afiangde, cathwdpand debrisicoligeipr and catiesioré2 dhesysiers m\foeld t he.
force pushi n;%r&m@%e%@ c%m&gneg%eﬂ) Be }eplatcgd as a unit in a minimum period of time to reduce

maintenance down-time. This results in quick replacement of the electrodes which
degrade because of erosion and the debris collector and first collector optics which

degrade because of contamination with eroded material.

EXAMPLE OF AN OPTIMIZED DENSE PLASMA FOCUS DEVICE
Optimization Efforts
Applicants have devoted considerable effort to optimize performance of their fourth
generation dense plasma focus device shown in cross section in FIG. 2A(1) for efficient
generation of EUV radiation. A side view of the system with vacuum chamber is
shown in FIG. 2A(3). Performance parameters included in their investigations are He
and Xe pressure and flow rates, electrode geometries, pre-ionization characteristics, and
duty factor related performance issues. In these investigations Applicants found that the
location of the He (buffer gas) and Xe (working gas) gas injection ports as well as the
pressures and flow rates of the gas mixture components had a strong impact on EUV

emission efficiency. Additional constraints on the gas recipe are also derived from gas
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sealing surface will be so large due to the relatively |large shutter area
that a high- vacuum seal is established. This is sufficient to protect the
col | ect orwopBigme] and debris trap). A (mnor) di sadvant ageTitsod/hiasy t he
sealing shutter has to be integrated into the collector (or source)
chanber design (preferentially right next to the connecting vacuum
flange). But the nmjor advantage is that the space required for the extra 2
flanges of the gate valve and sone of its width can be avoi ded. Therefore,
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system. This more detailed understanding of the thermal power flow allows Applicants

to better determine the ultimate high volume manufacturing potential of this source

technology.

Applicants have demonstrated significant gains in performance with conversion
efficiencies approaching those of the more mature laser produced plasma sources. The
particular specifications which the light sources must meet are tightly coupled with the
design of the entire illumination system. Key source parameters which must be
measured are: operating wavelength, in-band EUV power, out-of-band power, source
size; maximum collectible angle, high repetition rate scaling; pulse to pulse

repeatability and debris generation from plasma facing components.

Applicants’ early efforts in DPF development were directed at developing the basic
pulsed power technology required to drive a source of this type. High conversion
efficiency was demonstrated with Li vapor as the active radiating element at high stored
energy (25J). These stored energies were too high for practical scaling to high repetition

rate operation. Development of the 4th generation machine allowed Applicants to use
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absorption of the EUV radiation and the desire to provide debris mtigation
properties. Best results to date have been obtained with an axially

symet r i cwbuBfgrsegas i njecti on schene coupled wth axi al PKa/tisnj/eass on
through the central electrode. The highest conversion efficiency obtained
was 0.42% at 12.4 J of input energy. Measurenents of energy stability show
a 10% st andard devi ati on at near optinmum EUV output. The natching of the
drive circuit to the pinch as determ ned by the danping of the voltage
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kA/ecs. It is this combination of high peak current and high dI/dt that allow the DPF to

function efficiently.

The most important features of this fourth generation device is described in FIG. 33
along with a bullet list of the advantages of the deep plasma focus device. As explained
elsewhere Applicants have demonstrated conversion efficiencies (the ration of: in-band
EUV radiation at an intermediate focus to electric power input) of about 0.5%. As of
the filing of this application, Appliants have demonstrated the following system
performance parameters:

Current Source Performance

EUV efficiency with Xe, (2% BW, 27 sr) >0.45%
EUV energy per pulse (2% BW, 2x sr) ~55mJ
Average source size (FWHM) ~ 0.4 x2.5mm
Source position stability (entroid) <0.05 mm, rms
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WO 03/087867 PCT/US03/11139 Xe as the active species. Their recent efforts
have been focused on optimzing the performance of the DPF with Xe as the
source gawo o3osfsarilitate this effort they have investigacedspyriged power
devel opnment, plasma initiation and characterization, EUV netrol ogy, debris
mtigation and characterization, thermal engineering, and collector optics
devel opnent. System Description The fourth generation of Dense Plasna Focus
system devel oped by Applicants utilizes a power systemwth solid-state

switching a e of magnetic pul se ression (as shown in
FIG 1 and eé@ﬁf ggk%%%lgg;ﬁgi mlar to that uselgglegmqrrer' S excimer

| asers, in @ularepeditigrineeat e the hi gh vol t age, 4000BIzpeak power pul se
required by the DPF to generate EUV |ight. These systens begin with a

char gi ng volBnefy S#biliB00 V and generate an outpUdts,pukse applied to the DPF
of - 4 kVvwith arisetine of less than 50 ns. Al though current

nMeasur ement | RAEEWNOutpiEPoREERYABME Qltlsy) per f or pdwagi rcuit  simul ations
based on the voltage wavefornms fromtypical experinment operation predict

that the outflY onpEt BowereBust (BaBWeliksr) at a vaR0QeVait - 50 kA, with a dI/dt
of 675 KkA/ocs. It is this conbination of high peak current and high dl/dt
that allow the DPF to function efficiently. The nost inportant features of

this fourth @aRekH &PBicHSVisGB0ht2046 30 peReft dnd abbir haiDf ti cdMgctdl Evairpul | et
list of the advantages of the deep plasma focus device. As expl ai ned

el sewher e Apphd cahiatsorheanebel defivesad tot the intemmedigteofoces hiileding) thesteckindiegy at i on

of . in-band , EUY radi ati at,an inter j focus to. el ectric.power
i nput) of al§it flgt%e“hjs c}&“s’ tP%Be’flPﬁ%Wge%gwt"ﬁP%W“é Iﬂilecg’??rgﬁfhaiﬁ)gﬁlﬁfﬁ s have
denonst r at ed{ gy MduP Vi ohst @tihuods baSis anP 200 WaRBRERurRGhEdE With HigNt
Sour ce Performance
improvements described herein Applicants expect to increase the continuous power at
the intermediate focus to at least 45.4 Watts within the near future and ultimately to

105.8 Watts. Burst mode performance will be roughly proportionately greater.

Six fourth generation DPF machines have been built and are being used for a variety of
experiments on system optimization, pre-ionization, power system development, debris
mitigation, thermal management, and collector design. For those experiments not
requiring high repetition rates (~1 kHz and above), charging power for these machines
is simply provided by resistive charging from a set of DC power supplies. Those DPF
systems that do require high rep-rate capability are being charged with a resonant
charging system which charges the initial energy storage capacitor, CO, to a voltage of
1300 V in less than 250 pus. These resonant charging systems also provide energy
recovery, storing the energy which is not utilized by the DPF or dissipated in heat and
using this recovered energy for the next pulse. This reduces the amount of power
required by the main power supply and also helps with other issues such as thermal

management.

Measurements
In this section Applicants present an overview of measurements performed on one of

Applicants low-duty-factor sources operated at less than 50 Hz. They show the
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EUV efficiency with Xe, (2," BW 2ir sr)>0.45% EUV energy per pulse (2% BW
2n sr)- 55 ml} Average source size (FYWHM- 0.4 x 2.5 nm Source position

stabi l it ywOenansms1) <0. 05 nm rns 61 WO 03/087867 PCT/ USO3PCIABE3/11@eNt i nUOUS
repetition ratel000 Hz Burst repetition rate4000 Hz Energy Stability- 7%
rms Avg. EUV Qut put Power (2% BW 2n sr)50 Watt EUV out put Power, Burst (2%
BW 27C sr)200 Watt Collection efficiency is about 20 to 30 percent and
about half of the collected EUW/ in band radiation can be delivered to the

i nt er medi at E \e&ce%f'tﬂe W,uﬂa aﬁoeeonoalsfmg GRS oh REcrebs ?;Eﬁit F&entT teon Lhe

denDnstrate power the I nter medr at ocus’i s~ cur out 5
Watts on a Qnsnbum&b&dhaﬁlsﬁomrwldmmeamamdwoﬁtherm»dme Siifet dmdt pssition

i nprovenent s descrl bed herein Applicants expect to increase the continuous
power at t1§@bilHYer nediate focus to at |east 45.4 Watts within the near
future and ultimately to 105.8 Watts. Burst node performance wll be
roughly proportionately greater. Six fourth generation DPF machi nes have

been built amratiecpdaeidi@ slgmificahoOprogresahascheenahiadedn pRdérmrndiag aoms Y tigm
optim zation, pre-ionization gower system devel opnent, debris_ mtigation,
t her mal ran#gunEchl depgadercies of¢ @ﬁLBégwght OfFélﬁ‘:tf‘?ﬂS’s@O&@BéraPﬁéﬁ% dynggtics

requiring hi %}&eg es?&ﬁli‘Eéq?'LhES%e§%a(Gtgé E atﬁ@d saé)o ;g%led Wr #ﬁ%{l?lﬁsg ¢

t hese nachi nes I ST SI resi’stive ar gl ng a se

power suppl |1ﬁ(§1uderlibSﬁcaDREe dsyigh mhtanawsg@tbeamjé@eduyg{mtﬁpalrya&@rmmbi lity
are being charged with a resonant charging sa/stem,v\,hi ch charges the
initial eneragg mgi@rg@néaaoa)cﬁt%rfor wctmé He anil gy mixures 1thomely the, apedss t han

250 s. These n rlp Wh é#%feﬂv w%gl Id edﬁégﬂgggox%g%r H¥ns Jﬁ—f a:jﬁ%r)?'e'

storing the I's'n 'z ISSIp i'n heat

and using this 1rﬁ@cﬁéd/ﬁlcﬁaiﬁ%fﬁht gaeubﬂg oﬂtheDmMystaul Aachdihitic dfakly epserh he
amount of power required by the main power supply and also helps with

ot her i ssueshewafin BigurehleGagicontielisperfasmed via two mass flow controllers and a high

accuracy capacitance manometer. The system is operated in a constant-pressure mode.
Xe is injected in a constant-flow mode, and He makeup gas is added in order to reach
the target operating pressure. In this mode the He flow rate depends on the pumping
speed of the system. Dependence on gas flow rates was investigated by testing different

pumping configurations.

Radiation emitted from the pinch along the axis passes through an aperture into a
differentially pumped diagnostic chamber 204. Gas absorption in the measurement
vessel is minimized by maintaining the pressure below 5 mTorr. For these
measurements the diagnostic vessel entrance was located 5 cm from the pinch region.
No correction for the gas attenuation in the main DPF vessel along the 5 cm path nor in
the diagnostic vessel is performed. The radiation from the pinch is reflected from a
Mo/Si multi-layer mirror and is directed through a 1ccm thick Be foil onto an un-coated
IRD AXUV-100 photodiode. A typical measurement sequence consists of recording the
voltage waveforms on the pulsed power system, the DPF anode, and the photodiode as a
function of the experimental parameters. Data acquisition and control of the gas system

are performed via a computer interface.

The representative dependence of the in-band EUV signal (at 13.5 nm, into 2%
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Measurenents In this section Applicants present an overvi ew of
nmeasurenents perfornmed on one of Applicants | owduty-factor sources

oper at ed w0 oB®sm6t han 50 Hz. They show the 62 WD 03/ 08786PCPETBH3/BA3Y 11139
dependence of the EUV output and conversion efficiency on gas recipe,
present data on the out of band em ssion, and show neasurenents of the
source size and position stability. Over the past year significant
progress has been made in understanding some of the enpirical dependencies

of the EUV QDUt bdé}é’ m% ?ﬁfsrg HEXPhEY ARG n% erll%ﬂ:'rc # )oat WConst

Si gni ficant caﬂ ar atus, as co ier ge @PLti ons
include a n e%h@%@ss&%%momﬂgﬂ ﬁd' AU GAB cPgiRe wnag&é&%esﬁmhge cally
around the node region, and a systemfor inj ec%l ng He and Xe m xtuUres

t hr ough t he aapader oﬁtheqiufsedlpow&hz;rstgas delivery systemwas nodified to all ow
conbinations of He and Xe to be injected into different sections of the
DPF system A schematic of this s%stemls shown in Fi ure 1 Gas control

i s perfor med? vigaificapt lﬁ&@%seflpé‘?ﬁ RYNtquspyt &0 e gowren wgh obssevady I‘é‘-‘aﬂa%l t ance
t
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reach the tonfprtedopiet H@umgcthﬂslwme mdi DPiFi \sesgwdgdainenmnfpkmeat waglepends
on the punping speed of the s%;tem DeFendence on gas flow rates was

i nvest :j g ?t edbsgrvedby | mﬁgeaang therldmgas flowvgatenda theeadigiop of penBingRARACHY-| Dhe
tt h
o et ST R aThBNG b9 i SRR v IIRH: ARSAREIIME ScbLe @

neasur ement ﬂaegaqbbmtanmdnmma@dhbmemmaumdsu;pﬁthe pressure bel ow 5 nilorr.
For these neasurenents the diagnostic vessel entrance was |ocated 5 cm

fromthe pinch region. No correction for the gas attenuation in the nmain
DPF vessel &lionlgr tieesuberoentpavete proforinad as hdumiitiag b $tei pressewsatla dosstpwrXor ned.

The radlatlo fromt nch [ mrror

and | o di ecieirn pGroeE d5dipd § ekt shpanr b Caat St MR A

100 phot odi ogfg;. 2A( 6)YSJHbG/§‘|the”ﬁﬁt§gé SABEbmt %H@Hé‘ﬁ@al%&@é 'clf'i::éa%lté‘xf (5 aRd @Herlﬁ- the

vol t age waveforns on ul sed power system anode, "and the

phot odi ode dwmnd 13.5 nm photodlode signal for He injection around the anode. The EUV signal
strongly depends on the He pressure. Examination of the C2 waveform shows that the

energy recovered by this capacitor due to underdamped response depends on the gas

recipe. A similar dependence was observed as a function of Xe flow variation.

The energy dissipated in the pinch region is calculated from the difference in stored
energy on the C2 capacitor. At 1500 mT He pressure, approximately 70% of stored
energy is dissipated in the pinch region (8.8 J), while at 200 mT, the corresponding

value is 96% (11.9 J). This dependence is illustrated in FIG. 2A(7) where the
photodiode signal, initially stored energy, recovered energy and dissipated energy are
plotted as a function of the He pressure. The EUV signal increases by approximately a
factor of 10 over this range. A further decrease in the He partial pressure results in a

sharp drop in the EUV yield not shown in these data.

Another interesting feature of the dependence on the gas pressure is the shift in the
onset of EUV emission as measured by the photodiode. At the constant Xe flow
conditions used, this variation of the pressure from 180 mT to 1500 mT results in a

shift of 150 ns of the EUV emission. From classical snowplow and slug models of the
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function of the experinental paraneters. Data acquisition and control of
the gas system are perforned via a conputer interface. The representative
dependencwoOmB/ 081867 i n- band EUV signal (at 13.5 nm into 2%P63/0403/085987867
PCT/ US03/ 11139 bandwidth, into 2 it sr) on the Xe flowrate is shown in
FIG 2A(5) at a constant operating pressure of 350 mlforr and at a fixed
charging voltage on the first stage capacitor of the pul sed power system
A significant increase in the EUV output fromthe source was observed when
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function of | sdré at a constan and a voltage of 1300 V

on the fir stegapailduditiont a0MisCleatsbAbDMMa drit-dihiensidnal siovplowd ANodgl safgees t he
vol tage waveformon the final stage capacitor (C2) and the in- band 13.5 nm
phot odi ode $hajasial snskradial ¢ffijctive messeame e sighidicantbuless thasthpspdesivgdh fom
strongly deﬁlgnd aﬁn the He pressure. Exam nation of the C2 waveform shows
that the er%@u 58%P/r§?sélae‘by this capacitor due to underdanped response
depends on the gas recipe. A simlar dependence was observed as a function

of Xe flow vapi fbb@ncd BE RS etibe Ah3ah@3H Y dnBroyNBIdRNMRES) ErBiBIcREY bS the

calculated fromthe difference iIn stored energy on the C2 capacitor. At
1500 nl He plisgatedenemypt Dxédgas dow codditiohs stsbownl in BIGE. g (8)sind24€P)patded i n

t he pinch regi .8 1), ile at 200 nl, .the correspondin l ue is 96%
(11.9 J). Trﬁ%s%ﬂeéégﬁtam%t% ¥th fhespupe gPridifion eptimigedyt E{foutpu. i
phot odi ode §i I o |5 & i g1 pat ed
ner gy are TTeE Fag LAl oBlaBica b ARIHE M RERUEISRIBRC B Rating e

i ncreases bytlappamoiarat dixgd aThd dats shovad hd@ apw dor thbioptimamgenndiohns rof ey

decrease in the He partial pressure results.in a sharp drop i.n the EUV
yi el d not sHEWING SKPEHRSR! Qfé’?eél aSA{Hb&'ﬁéPn "W@tﬂ‘é‘sﬁrF?Fé‘tq%éQEUreén pyIRRa

dependence ofrl g GASIRIRSHY adde Jddted! Tt 1077tN80% increase in conversion

efficiency (CE) is obtained, as compared with the previous configuration. Although the
energy coupled into the pinch depends on the gas recipe, we can see that the
dependence of EUV energy shown in FIGS. 2A(6) and 2A(7) is primarily due to

variation in gas flow and not to the change in coupling.

Two types of measurements of the EUV radiation lying outside the 2% bandwidth
around 13.5 nm were performed. The experimental setup for these measurements is
shown in FIGS. 2A(8) and 2A(9). The first type of measurement compared the total

radiation from the pinch on axis with the fraction transmitted through a CaF2 window
transmitting in the 130 nm — 1300 nm band. These results show that ~0.5% of the total
radiation emitted from the pinch lies in the CaF2 band between 130 nm and 1300 nm,
and are similar to previous results obtained by Applicants. In the second measurement
the fraction of radiation emitted from the pinch reflected from one Mo/Si multilayer
(ML) mirror and detected by the AXUV-100 photodiode was compared with the
fraction of radiation transmitted through a 1 um Be foil and reflected by the ML mirror.
The signal, measured on the photodiode with no filter in place after reflection from the

ML mirror gives the sum of in-band and out-of-band components. Insertion of a Be
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onset of EUV emi ssion as neasured by the photodi ode. At the constant Xe
flow conditions used, this variation of the pressure from 180 nml to 1500
ml r esul twoios/osrseshi ft of 150 ns of the EUV em ssion. FrorCElsesiasd
snowpl ow and sl ug nodels of the 64 WO 03/087867 PCT/US03/11139 DPF
operation Applicants expect the characteristic axial and radial transit
times for the plasma shock front to scale wth the square root of
effective nmass density. This scaling needs to be confirned for this
configurati i i i t : e ] e
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4b. These data were taken with the source conditions optimzed at the peak
EUV out put. MEQUWRMBRITSYurbORE andREn@dIt Alotied wede peeddd\gith e séuied hdtD
voltage while leaving all other parameters fixed. The data shown here are
for the opt ifowpaakontput.i &pinhole qamera gmploping adrgleilluminated €Chratrayandfadie t he

configurati resented. jn [1] enploying a .diffe t..g reci pe and anode
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coupled into the pinch depends on the gas recipe, we can see that the

dependence df8 deghdesnErepresigeowpurce sige (@Seraged 6yerdAd pala¢s) was determmad kd §e due t o

variation i s flow and t. t he .change i n.coupling. es of
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13.5 nm ver gpebifiofidBdcentdi® ©XPBHETBAAIG. SRIAYPL.f Phe hEEE MRAMERRRNS 1S
shown in FIGS. 2A(8) and 2A(9). The first type of nmeasurenment conpared the
total radi appoxirhatelniOhenpi nch on axis with the fraction transmtted

t hrough a CaF2 wi ndow transmtting in the 130 nm- 1300 nm band. These
results show that -0.5%of the total radiation emifted fromgthe pinch lies
in the CaF2 Wang thscrinkalp camerafgehifigue) we gam gbtaimnap extppate ofithe EUNoe s & i ous

resul ts obt asltzﬁ'ﬁlﬂy B¥ 1rﬁlpgqgﬁrfgatﬂé ﬁfterlsﬂy i \&icR RERP g.nm%ﬁlmtstandard deviation

of this quantity. The results show 9.5% (1 () intensity fluctuation. This measurement

compares well with measurements of the energy stability performed with the standard
measurements using a Be filter, ML mirror, and AXUV -100 photodiode. Additional
experiments that will be performed with this diagnostic will include correlation of EUV

source size with the in-band energy.

From the on-axis images we also conclude that there is no EUV production originated
from an interaction of the pinch with the anode end wall. The maximum EUV intensity
is observed in the center of the pinch where Xe gas is injected through an aperture in the
anode. No EUV emission is observed at the periphery of the pinch where it contacts the

anode end wall.

High Repetition Operation
Stable operation of the source at high repetition rates is important for high exposure
dose and accurate dose control. The burst mode operation of this fourth generation light

source was improved. Using a resonant charging scheme with 10 J input energy
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the fraction of radiation emtted fromthe pinch reflected fromone M/ Si
multilayer (M) mrror and detected by the AXUV-100 phot odi ode was

conpar ed wDtob/og1se7 fraction of radiation transmtted throegh/sod1rmsBe foil
and reflected by the ML mrror. The signal, neasured on the phot odi ode
with no filter in place after reflection fromthe M mrror gives the sum
of in-band and out-of -band conponents. Insertion of a Be 65 WD 03/ 087867
PCT/ US03/ 11139 filter limts the nmeasurenment to the in-band fraction only.
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upgraded pulsed power and thermal management schemes.

Debris Mitigation
Applicants have exposed Mo and Pd coated silicon wafers to the debris produced by the
DPF in an effort to evaluate the main source of the debris, and the debris deposition rate
on the collector optics. The source configuration for these tests consisted of a tungsten
anode, alumina insulator and brass cathode. Samples were exposed to 4.105 pulses at 30
Hz, at a distance of 5 cm (Mo sample) and 11 cm (Pd sample) away from the pinch. The
arrangement and placement dimensions are shown in Figurel0. After exposure the
samples were analyzed by Energy Dispersive X-Ray (EDX) analysis. The results,
summarized in Table 1 below, show that anode (W) and insulator (O, Al) materials

were found at both distances, S cm and 11 cm.

No sign of cathode material was observed. A small fraction of Xe was found on the Mo
sample at 5 cm. This may be a signature of energetic Xe ions produced by the DPF or
simply Xe incorporated into the thin film coating. The presence of He could not be

detected by EDX. The presence of a weak but detectable Mo signal at 5 cm is an
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anode end wall. H gh Repetition Operation Stable operation of the source at
high repetition rates is inportant for high exposure dose and accurate
dose contwolo3/oF1se7 bur st node operation of this fourth genecatisosniiizght
source was inproved. Using a resonant charging schene with 10 J i nput
energy 66 WO 03/087867 PCT/US03/11139 (simlar to that enployed by Cyner's
exci mer | asers), the maxi num burst em ssion period was increased to up to
300 pulses at repetition rates of 2 KHz. The tine-integrated in-band energy
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cm (M Sarrplif)x 'Q%idegyén(fém ofFE. %ﬁmk SropdiEdhal (MM UL BE Bulsdd) ShendisaNgEMENT
and pl acenen di mensi ons are shown i H Fi gure 10. After exposure the
sanpl es wer en@iRaleyzetobhhe Bbssrhynde cfecciting oX- Reaynsphii) samzlt yse so ddtres
results, . "

produced by the DPF as a function of the number of pulses the debris deposition rate per

pulse may be determined. Experimental verification of this proportionality is plotted in

Figure 11.

Measurements of the absorbance allow one to compare the debris deposition rate on
witness samples under different DPF operating conditions. We used this method as the
primary means for obtaining the angular distribution of the debris, as well as for the

debris reduction factor due to the insertion of a debris shield.

To evaluate the effectiveness of the debris shield concept a simple single-channel test
setup was designed and built. The geometry and critical dimensions are shown in FIG.
2A(15). Glass samples were placed at 6cm from the pinch either facing the pinch
directly or after a series of metal cylinders with 1 mm diameter channels drilled through
them. Tests were performed with 1cm and 2 cm channel lengths. During the tests total
pressure in the chamber was 0.7 Tofr with Helium injection into the main vessel and Xe
was injected through the anode. By comparing the debris film thickness using the
absorbance technique, for samples which were exposed to the same number of pulses at

the same operating conditions but with different debris shield lengths, we can calculate
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sumari zed in Table 1 bel ow, show that anode (W and insulator (0, A)
materials were found at both distances, 5 cmand 11 cm No sign of cathode
mat eri al we3okser ved. A snall fraction of Xe was found omcrhsodiizsanpl e
at 5 cm This nay be a signature of energetic Xe ions produced by the DPF
or sinply Xe incorporated into the thin filmcoating. The presence of He
could not be detected by EDX. The presence of a weak but detectable M
signal at 5 cm is an 67 WO 03/087867 PCT/US03/ 11139 indication that the
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Figure 11. MEASUFEe or Hnce are bris
deposi tion ropefition. W tness sanpl es under different DPF operating
conditions. W used this nethod as the prinmary neans for obtaining the
angul ar distribution of the debris, as well as for the debris reduction
factor due to the insertion of a [ To evaluate the
effectiveness of the debris shlelgﬁ%gﬁ?gg ngﬂg@ npl e singl e-channel test

setup was dewagnedolad@ldetolids, tid Eirgatipein uewltqnﬁe*m tdfcathesthaAeMahaemear e

shown in Fl %olutlon for the DPF discharge region, have been designed and tested on Applicants
fourth generation EUV light source. These electrodes have enabled study of the DPF
operation at significantly higher steady-state repetition rates than previously achieved
and generated calorimetric data that shows the dissipation of thermal energy in each

electrode.

The cathode has four separate cooling delivery and exhaust loops, one for each quadrant
of the annular weldment. The flow through each quadrant is arranged to be similar. It
was designed to maximize the area cooled internally by the water and minimize the
conduction path through the plasma heated wall and was fabricated from a high thermal
conductivity copper alloy with good mechanical properties. At 400 kPa the total water
flow through the cathode is 3.8 liters per minute. The water-cooled electrodes are
shown diagrammatically in FIG. 2A(18). The anode is cooled by flowing water through
two concentric, annular channels created in the body of its welded assembly. This
allows the water to get very close to the region of the part heated most aggressively by
the plasma. Water can be pumped through this electrode at relatively high pressures

giving high water flow rates and maintaining a more favorable temperature gradient in
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2A(15). d ass sanples were placed at 6cmfromthe pinch either facing the
pinch directly or after a series of netal cylinders with 1 mm di aneter
channel s woioBhe®er hrough them Tests were perforned w t hPCTASVAENA3Y Ccm
channel lengths. During the tests total pressure in the chanber was 0.7
Torr with Heliuminjection into the main vessel and Xe was injected

t hrough the anode. By conparing the debris filmthickness using the

absor bance techni que, for sanples which were exposed to the same nunber of
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reduction faabdsat(IFPO kP4 givirlg a Aodedtenéd] diters par noiaste. when t he sanpl e was
pl aced without any protection, then F shows how effectively the debris
shield protection works. Experinental results for the 1 and 2 cmthick

B

reduction factor engt results may be
conpar ed Wi tih shtve busstiuaid strstéadgtstate pepedtior tatéoup o D00 élzr Ehb irsdults sonfht i -
channel debris shield shown in FIG 2A(16). This prot osy e shield was
fabricated fiRgiggte thahp rraserably eosrelalipneiists bepeat ragasyrede Pﬁgrmf PR IPRBN) . The
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si ngl e chanmngt 18gdly pndefMb& Gisteashess l@saxRas tomsidefed. Tharfhetlraladergy l&s@dg ng
this type of debris shield to the Iength required for practical source

operation. Theelesirodsgn ibemyaigy ot diadesd evendy betveerdle angde andyeathadee

d I t . ' f t ' i on,
nave. beon ddopihih U ERAdTaRREEF R, ROL Wi Wy ol T8 it St B OB,
source. Thesatheieedni®dsa highee peipakidachbiahelbyat @ tHehrepdditfon rapelsad. IThis whs

significantly higher steady-state repetition rates than previously achieved
and gener at e¥Pec§byinerehe prOdgeaPeRBIre HeesrRore Fpidly dandhat of thegathade

and. exhaust OSRO S ERG TR SR BARDoNARe LR RLAA AR M USTY

t hrough eachngdesiarfibl ik SigAificaMtgThe éathdde atsohab @much largav@solde aiegeshottor
maxi m ze the area cooled internally by the water and mnimze the
heat conduction path and far higher thermal conductivity than the anode. The fraction of

heat removed by each electrode is shown in Fig. 2A(19).

A summary of the demonstrated source parameters is given in FIG. A(20). In the past
year Applicants have built five new DPF sources as well as implementing upgrades to
our existing fourth generation system bringing the total number of operational systems
at Cymer to six. Significant improvements were made in the conversion efficiency
primarily by optimization of the gas recipe and gas injection geometry. The best
achieved conversion efficiency into 2 T sr and 2% bandwidth was ~0.4% at ~ 10.5 J and
low repetition rate. Stable EUV output was demonstrated for 300 pulse bursts at 2 kHz
using our proven resonant charger technology. Experiments performed to date suggest
that further improvement is possible by continued optimization of the gas delivery
system. Energy stability continues to be ~10% (15) and will require improvement. Out

of band radiation is < 0.5% for the improved CE source.

Characterization of debris collected on witness samples exposed to the pinch shows
deposition primarily of anode material (W), and anode insulator material (Al, O). No

evidence of cathode material is seen. Measurements of the debris reduction factor for
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conduction path through the plasm heated wall and was fabricated froma

hi gh thermal conductivity copper alloy with good nmechanical properties. At
400 kPa twe ososmb7 water flow through the cathode is 3.8 IPCrarss3/pdas9 m nut e.
The wat er-cool ed el ectrodes are shown diagrammatically in FIG 2A(18). The
anode is cooled by flow ng water through two concentric, annular channels
created in the body of its welded assenbly. This allows the water to get
very close to the region of the part heated nost aggressively by the
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hi ghest heat flux. lp.recent testing water has been punped through the
anode at 11@0’$3Ffédd716ibﬁ§e%uqefiow rate of 11 liters per mnute. Testing of
the water-cool ed el ectrodes has been carried out up to several hundred

Hertz in short bursts andg.at, stead tate repetjti-on rates up to 200 Hz.
The result s 136 mep ke re GlBaLh BB iRe HRARs: Kater e PebloBal ween
neasured el eghHLHoweIRa! &pproiRdicly 6% GBS Yower 1 iaisipaddn @it daltdelvagd r ode
cool i ng system when ot her as_l%/{gt unneasured_but largely understood system
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rises. This was expected since the anode tenperature rises nore rapidly

t han t hat ofWiite 2¢aBMoatel 2wt kihat thesouzasApgropeqge tdduciion faetbes rawmd bé hsed for
correspondi ng reduction of thermal conductivity in the anode material is
si gni fi cant .alldesvnstiedio demponsatsthat atenuptnthegpyice radiond area, a shorter

heat conduction path and far higher thermal conductivity than the anode.
The fraction of heat renoved by each el ectrode is shown in Fig. 2A(19). A
summary of the denonstrated SOWTHERIVPREVEESENTSI ven in FIG A(20). In
the past year Applicants have built five new DPF sources as well as

i mpl enenting upgrades to our exiPsaliPwgpaseollactgsner ati on system bringi ng
the total n

r.of oper.ational ens _at.Cynmer. to.six. Signpificant

 mpr overrent Sup Kok RRET o RRR Tl EBRrChy i Elish Ot B PPt i 62K
optim zati orepf dédi@bRafor iRGMBRtIAAGydass fe] BUM GthogdfPRR! rSpecihilg desighed
surfaces can have additional features such as beam homogenization features. One such

feature could be a reflective diffuser added to a grazing incidence collector of the type

described above.

Use of Magnetic Field and Preionizers to Control Pinch
Applicants have demonstrated that magnetic fields can be used to control the pinch size
and position. In one embodiment a permanent magnetic positioned above the pinch
region reduces the pinch length. Magnets can also be positioned in the aode as shown
in FIG. 28 A. Magnetic fields can also be applied to help confine the pinch. Applicants
have also demonstrated that the shape and position of the pinch can also be controlled

by moderating the preionization signal from preionizers 138 as shown in FIG. 2A(2).
Metal in Solution Target
Metals such as lithium and tin provide vapors which make good active gases to produce

radiation in the 13.5 nm range. However, dealing with metal vapors is difficult. A
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achi eved conversion efficiency into 2 it sr and 2% bandw dth was -0. 4% at
-10.5 J and lowrepetition rate. Stable EUV out put was denonstrated for
300 pul sewbwsmsment 2 kHz using our proven resonant char @em/usexihned ogy.
Experiments perforned to date suggest that further inprovenent is possible
by continued optim zation of the gas delivery system Energy stability
continues to be -10% (1 r) and will require inprovenent. Qut of band
radiation is < 0.5%for the inproved CE source. Characterization of debris

or i mar 1y of e AT AL RS Bk DAL PRI gy

evi dence of thambtadendatjectithd target 8ckiquid Krasur enent s of the debris reduction
factor for 70 WO 03/087867 PCT/ US03/ 11139 single and nultiple channel
debris shield show a reduction factor of 100x per cmof shield |ength.
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60 % of the power is dissipated in the cathode with 40% goi n?, to the
anode. Thi s caligfymassslimied way, 1500t the risBpapount gfimetal gpagiicesi os delivered) no i nput

energy we 0 . 0Xx| ely.. . .
el ectrode. %rgtrﬂ%gghégo%%?%'?ﬁés ﬁegl%nsgﬁ%ggk% %‘ 1§\1§s,(‘§¥}§ 1%%%@1%@1%@ g‘?eJUiStn band
radi at ed powefrestnt d@Pantd dablie pfduédd/ Bnte sburde. The Gikgdt hatesalicatbe ddpwiapri at e

reduction factors nust be used for all downstream conponents that
attenuat e t Headisiyidist fram an9zale, if@muEicienhHogiEhenTs prossare Papplese oy ect or s
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Speci al | y defdichiagd chabbdracEBedomith tagpce matkdial. iSdvelcofl Gidhlpatiel&us Buspendd@am
honogeni zati on features. One such feature could be a reflective diffuser

added to a dgrigpidgor pastielenindiquisisiarcysed. the targes densys canfeespu¢iyughesppdor Use of
demonst r at ed" HaPokgRb B Fl Ind Qe BuisbioR of g8l coFER St B8Ry 20 2o
optimized mass-limited metal target can be provided. It is also much simpler to just
inject a liquid into the chamber rather than constructing a metal vapor delivery system,
for instance based on a heat pipe principle. Tin nitrate should be an efficient target for

13.5 nm to 14 nm EUYV light generation.

An improvement in EUV output and preionization was observed when a pulsed
magnetic field was applied by means of a coil mounted as shown in FIG. 28B below.
The coil current pulse is shown in FIG. 30. This pulse produces a magnetic field
between 200 and 500 G at the end of the anode. Animprovement in preionization was
seen as shown by the anode waveform in FIG 29A. The corresponding change in C2
waveform is shown in FIG. 29B. The application of the pulsed field resulted in a higher
preionization density in the anode cathode region as evidenced by the drop in anode
voltage shown in FIG 29A. The EUV output increased with the pulsed field. The in
band EUV waveshape is shown in FIG. 29C with B on and off. The overall dependence
of the EUV output on input energy with pulsed field applied is shown in the upper curve
of FIG. 29C. The curves below this are with no pulsed B field. FIG. 2A(9) shows

improvements in efficiency resulting from electrode geometry improvement discussed
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and position. In one enbodi nent a permanent nagnetic positioned above the
pi nch region reduces the pinch length. Magnets can al so be positioned in
the aode we oslogmw in FIG 28A. Magnetic fields can al so IpeTapsps/igd to hel p
confine the pinch. Applicants have also denonstrated that the shape and
position of the pinch can also be controlled by noderating the

preioni zation signal from preionizers 138 as shown in FIG 2A(2). Metal in
Solution Target Metals such as lithiumand tin provide vapors which nake
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a metal vapor delivery system for instance based on_a heat pipe
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nount ed as Shfé’}i@t ¢rBsset the pifiEh h@idﬂ%fthér A ckay é muiﬁ@frau g@yhﬁ? bbSns‘éh@&th in
FIG 30. This pul se produces magnetic field between 200 and 500 G at the

end of the anowetet VQMWéh@frm eificipnt pinshidisghares The tiquid and evaporated gas

can be pumped away by a nearby dump port with a vacuum pump. The nozzle
expansion through the nozzle or through the inner electrode may also alternatively be
operated such as to form a series of liquid drops or as a (more diffuse) liquid spray
expansion. The liquids provide an easy means of delivering metals of optimal
concentration, diluted in solution, to the discharge region. Heating of the metal to

provide a metal vapor can be avoided.

The preferred metals are the ones that provide efficient EUV generation in the region of
ca. 13 nm to ca. 15 nm. They are: lithium, tin, indium, cadmium and silver. Lithium
(Li2+) has a strong transition at 13.5 nm. Tin (Sn), indium (In), cadmium (Cd) and
silver (Ag) have strong 4d-4f transition arrays from several ion species overlapping in
the 13 to 15 nm wavelength region. (As one goes from 13 nm to 15 nm, the peak
reflectivity of the multi-layer mirrors for EUV lithography decreases, but their
bandwidth increases at the same time. Therefore, the integral reflected intensity can still
be large, and wavelengths above 14 nm are still of interest here.) The preferred solutions

are alcohols like iso-propanol, methanol, ethonol, etc., and also water or glycol.
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seen as shown by the anode waveformin FI G 29A. The correspondi ng change in
C2 waveformis shown in FIG 29B. The application of the pulsed field
resul t ed wo oa/okisgher preionization density in the anode eatlusd®iriegi on as
evi denced by the drop in anode voltage shown in FIG 29A. The EUV out put
increased with the pulsed field. The in band EU waveshape is shown in
FIG 29Cwith B on and off. The overall dependence of the EUV output on

i nput energy with pulsed field applied is shown in the upper curve of FIG
29C. The curves below this are with no pulsed B field. FIG 2A(9) shows

i nprovenents in efficiency resulting fromel ectrode geonetry i nprovenent
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| i quid and evapor at ed gas can be punped avvay by a nearby dunp port with a

vacuum punp. The nozzle pguwlg %ﬁec@r%ﬁzlhlg ﬁr through the inner
erat

el ectrode may al so alterna suc o forma series of

l'iquid dr opsAgplicagtsprdpdes ® sdp]BlEmsﬁt)thé inchand ligitpadtuceKipanplaaa phithed witpli ds
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Bremsstrahlung (=soft x-ray radiation) generated from energetic electron impact on
solids with suitable absorption edges generates EUV radiation in addition to the EUV
radiation produced in the gaseous pinch plasma. This is the idea in general. In the case
of our DPF source, for instance, it is known that when operated with positive polarity on
the central electrode (=anode), an electron beam (with electron energies of several keV
is produced which impinges onto the inner front side of the center electrode. For 13.5
nm radiation, Si (silicon) is the suitable material to be placed here. The silicon L-
absorption edge occurs at 13.5 nm. Therefore, the energetic electrons will produce 13.5
nm radiation. This is completely in addition to the main 13.5 nm- radiation produced by
the xenon ions in the pinch plasma. Therefore, more EUV radiation will be generated,
if the central inner potion of the anode (in general, any place where the electron beam
impacts) is made out of silicon. An electron kinetic energy of 10 keV is just about right
for optimal efficiency. For instance, put silicon inside of the tungsten anode. Without
silicon oat the place f impact (= present mode of operation), there is no match of the

absorption edge (e.g., tungsten), consequently no additional radiation is produced at
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provi de a netal vapor can be avoided. The preferred netals are the ones
that provide efficient EUV generation in the region of ca. 13 nmto ca. 15
nm They woa3/08is6hi um tin, indium cadm um and silver. LipChiuses/1(189 2+) has
a strong transition at 13.5 nm Tin (Sn), indium(In), cadm um (Cd) and
silver (Ag) have strong 4d-4f transition arrays from several ion species
overlapping in the 13 to 15 nmwavel ength region. (As one goes from 13 nm
to 15 nm the peak reflectivity of the multi-layer mrrors for EUV
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(=soft Xx-rayoflidditldtun@ tingageyisapaderhblo o @edrig athollo®lig e etralgdatiod®snd sol i ds
W th suitabl e absorption edges generates EUV radiation in addition to the
EW radi at itbaspitistdicehargapre deegjed othat taigekbh pl asma. This is the idea in
general. In the case of our DPF source, for instance, it is known that
when operated with positive polarity on the central el ectrode (=anode), an

el ectron beamrlewhrhplecApplidanis foMel gérRfativh FEV 8b@kedqst¥dudesabpiosi e ofivi ch

i mpi nges onto the 1 nner front side of the center el ectrode. For 13.5
band EUV energy at the interim focus 11 in FIG. 19. Applicants expect future design
using existing technology to boost this 5 Watts to about 45.4 Watts. However, some
designers of EUV lithography mediums have expressed a desire for power levels of
more than 100 Watts. Applicants propose to accomplish this by combining two EUV

sources using the technology described herein into one EUV system.

WAVELENGTH RANGES
The various embodiments discussed herein have been discussed particularly in terms of
light sources producing ultraviolet in the spectral range of between 12 and 14 nm. This
is because mirror suppliers have reported substantial success in the development of
multi-layer near normal mirrors for UV light within these wavelengths ranges.
Typically these mirrors have maximum reflectivities of about 0.6 to 0.7 in the 12 to 14
nm range and the mirrors typically have a FWHM bandwidth of about 0.6 nm
depending on the specific mirror design. So the typical mirror only covers a portion of

the spectral range between 12 nm and 14 nm.
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nmradiation, Si (silicon) is the suitable material to be placed here. The
silicon L- absorption edge occurs at 13.5 nm Therefore, the energetic

el ectronswoioBbszssoduce 13.5 nmradiation. This is conpl erelryusositiasdi ti on
to the main 13.5 nm radiation produced by the xenon ions in the pinch

pl asma. Therefore, nore EUV radiation will be generated, if the central

i nner potion of the anode (in general, any place where the el ectron beam

i npacts) is made out of silicon. An electron kinetic energy of 10 keV is

j ust about rg : : i [:Cl i idd | nsi de
of the tungs};(gnm%rne%g@lp%k ﬁgh‘? Sﬁéllhlqél) gﬁﬁmgggﬁ Iticr}\léﬂ‘fs)%pggtgﬁg uoigyr%%@ltlé gf)ﬁ:&g;[desent
node of operth¢ spaejral tahge ef il reflectiritylofahe hfigorsaklsioh ptill e wddjeo (ireay.the
tungsten), consequently no additional radiation js produced at 74 WO

03/ 087867 POFAUSHhes hggmirmoys ; hithperaphy Icgpngrdnaghingpst i nport ance here, but
the principle applies also to other materials at other wavel engths. (For
exanpl e: Ber i L ) t al,l t dge) .
A aket ch shom e b SRl ho R b e Db e florbM gy o #
Produced by riylt ireaden gpdctrabmaegethae thed2bvoa tonbhra rage vaerée mestgdshedurtehi um or

tin vapor) and pre-ionization is rovided in a single system In this case
the metal t&~<gemeillV afsnion isfacyied nkonsxamale; $908mlai°§cqaabaérqﬂmeéﬁor&%hluces

the netal v !pgélaqg,ﬁn Leni i : he
mai n di scha?gggmgﬁgn@géﬁcﬁgf or t etgg%)tlj% l?cgru%% \}\}/(Ie)érg © B?@ﬁg%E%yat%ggpé§%%al
gener ator, abdVOthédttnnt tanganp Fabeps @ fime rinalndfueure GRay\Wet fossiblerta prhctice

anplifier. The solid lithiumor tin target is preferably located in a
hol I ow i n t H&CIEelAN Hthography rdog fhabout pe e ules BY SRIRE Y SX-EYePEKist ed t o

t hat target.;; ] i f Qur, j : r . _Rf oduce
about 5 vt {hgraE FEUBHIRE Pl o (U RRGIA ARt SRR g
Appl i cants eopees dowi to gbotkedisgin. usi ng exi sting technol ogy to boost this 5
Watts to about 45.4 Watts. However, sonme designers of EUV |ithography

medi unms have_expressed.a desire for power |evels of . nore than 100 tts.
Appl i cant s pfr%;?é%lé"tt%‘dlgg%%fﬁﬂm %rhacttWanaasmémchpwgi fols gBERen @aﬁ@@y si ng

the technol e HABSE b ol ésEbrf l%%%%th%%éﬁ@ﬁf%ggﬁtgﬁé%ﬂéu% S The

vari ous enbodi nents di stusse erelin e been discu particularly in
ternms of the projection good lines are available throughout extreme UV spectrum. Good lines

are also available in ranges which could apply down to 0.5 nm for the proximity
lithography. Therefore, Applicants believe many or most of the concepts and ideas
expressed herein would be useful throughout the spectral range from about 0.5 nm to

about 50 nm.

It is understood that the above described embodiments are illustrative of only a few of
the many possible specific embodiments which can represent applications of the
principals of the present invention. For example, instead of recirculating the working
gas it may be preferable to merely trap the lithium and discharge the helium. Use of
other electrode - coating combinations other than tungsten and silver are also possible.
For example copper or platinum electrodes and coatings would be workable. Other
techniques for generating the plasma pinch can be substituted for the specific
embodiment described. Some of these other techniques are described in the patents
referenced in the background section of this specification, and those descriptions are all

incorporated by reference herein. Many methods of generating high frequency high
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| i ght sources producing ultraviolet in the spectral range of between 12 and
14 nm This 1is because mrror suppliers have reported substantial success
in the dewelogpsmnt of nulti-layer near normal mrrors foPCOwSOs/ghBo Wit hin
t hese wavel engt hs ranges. Typically these mrrors have maxi num
reflectivities of about 0.6 to 0.7 in the 12 to 14 nmrange and the
mrrors typically have a FWHM bandw dth of about 0.6 nm dependi ng on the
specific mrror design. So the typical mrror only covers a portion of the

spectral r a@?ﬁaéé%‘ié’é’ﬁ%l ?Jﬁl}g%{%r@ggailjaéle% cﬁFWiﬁﬁd@Wﬁérxﬁﬂé u»%q,?d Beleh39  For

this reason S very ant to care mat ch the spectral output of
the source keep thheighpspd itabomageaturt hed taklfeekd vutt hotlothet lithium andtie whi ch
will be used to direct the beam, such as the nmirrors in |ithography

scanner maclRingsten pRd! atteraels tQ igvielcoyyms the Jsaeth of dhe) lightgiper nEhis d%erri-AYs of
this specifi r?ctesf)@vva‘i:ﬁ& et Yedh fhe THOMnCLPABES SHREH BlcnEA S doiEh the 12
range Where nost o ur trenme att I's

nmto 14 nmran t he" current ex entro

focused. Fokompamaatsused dttle Hitop@phy wahsihie the aoms aduldde ptieantdtly atatliednge and
t here may be advant ageous for usjing these pinch devices at wavel engt hs
above the 140 thenlighipiee Mslls 91peB oRPasH r[?‘??PSIFlﬁntheelﬁﬁfQﬂeWEenﬁlaym@egﬁossi bl e

to practice,. projection it K [.Ng to
X-ray proxi rl'rliﬂfo fdp?‘?%‘%&? !éléﬁhcgfq 9.:5 ?1% 2%”&%%%%%%@%@6% ?ﬁlgﬁgﬁeewaggﬁ{ﬁi gues
descri bed heiditionl ot threbih aSelallcasi@owthé @rialaey disohdrgé thambedranfneg@ct i on

| i thography an active naterial would need to be chosen which would have at
| east one gdéifferentia shwningamanggnigntn Heliempas frgostcapbe yupnlied drogt thersecondr r or s

used for th Qj.£ct i, 0 li.nges e i L e uv
anectrum  cuBMRpAEbER e ORRs OB ALRAtRL) INEhRTHER A T B
to 0.5 nm f Qffeétie Rr¥venkihy mdtéridd dgpaaivn or ke aftpritewindpws o€ aopper haporeve

many or nost of the concepts and ideas expressed herein would be useful
t hr oughout tlserss détrivm|hydeide may bmsed sutheplmeraf dithigm. gbesuenismay jakso bet i s

under st O? ﬂ etogg}ﬁ?%%g g?@ﬁ\\{- 11125%%%;{4\2?1 % ﬁglgolcgrrrlgi?lg tggsv@?rvglﬁig kﬂrgl.?%thrtﬁé él\é&r(?c{es.o nly a

few of t re: n \ can T epresen

appl i cati on©Rbutsb e vepy itleirRiddeof Bdpetiiéh Rt 964 oskiBleg i SifiglepalseSnsabPhE,

i nstead of recirculating the working )
5 pulses per second to several hundred or thousands of pulses per second. If desired, the
adjustment mechanism for adjusting the position of the solid lithium could be modified
so that the position of the tip of the central electrode is also adjustable to account for

erosion of the tip.

Many other electrode arrangements are possible other than the ones described above.
For example, the outside electrode could be cone shaped rather than cylindrical as
shown with the larger diameter toward the pinch. Also, performance in some
embodiments could be improved by allowing the inside electrode to protrude beyond
the end of the outside electrode. This could be done with spark plugs or other
preionizers well known in the art. Another preferred alternative is to utilize for the
outer electrode an array of rods arranged to form a generally cylindrical or conical
shape. This approach helps maintain a symmetrical pinch centered along the electrode

axis because of the resulting inductive ballasting.

Accordingly, the reader is requested to determine the scope of the invention by the
appended claims and their legal equivalents, and not by the examples which have been

given.
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gas it may be preferable to nerely trap the lithiumand di scharge the
helium Use of other electrode - coating conbinations other than tungsten
and sil vewoaBmesmbkso possi ble. For exanpl e copper or pl atipcaruses/ensy odes
and coatings woul d be workable. OQther techniques for generating the plasna
pi nch can be substituted for the specific enbodi mrent described. Sone of
these other techniques are described in the patents referenced in the
background section of this specification, and those descriptions are all

i ncorporated by reference herein. M ods of generating high frequency
high 76 WD 03/087867 PCT/ US03/ 11139 voltage electrical pulses are

avai l abl e and can be utilized. An alternative would be to keep the

| i ght pi pe at_roaom tenperature and thus freeze out both the lithium and the
tungsten as Whatds ¢lgipR&ist o travel down the |ength of the |ightpipe. This
freeze-out conce r . .ﬁﬁpﬂ ty . [ j r eached
the opti cal cg'rrp'ghg)\rgtggﬁcglsﬁe% (‘fowaﬁéﬁﬁﬁg’ﬁéé rgtﬁ y téc}(%]I1 é?fs?\%%%retp E‘év%lg%g woul d
be per manenthigh éet@cpirton doardelvemprigihgpi pe wal | s upon inpact. Deposition of
el ectrode material onto the |[|ithography tool optics can be prevented by
desi gni ng the col | ect dk optd Buls® ROser yBem; RRMPHLAE # Pylse sEvstormendem a

small orifice in the primary di %r@ | < O f ial
punpi ng arrangenent. Helium or }?g(g%g%fn&bé gh%lg‘%sg@fﬁrorlﬁfﬁetﬂ%{ggg%%@
chanmber through the orifice intadotdaob00ss, chanber. This schene has been

shown to be effective in preventing material deposition on the output
wi ndows of copper vapdd | @s@esumchambeim hydri de may be used in the place

of lithium The unit may al.s0.hs »aRRLAAMIAY fat) ffinlchbhbSXghiam L hout
t he working gas flow ng throug THe el ect rodes. course, a very w de
range of repetition rates afifef)Sonipridide @i atdnigl spepiek SbaracRriadd by and

pul ses per second to several hundred or thousands of pul ses per second. |If
desired, the adjustnent meshssienshing withing desited gxtrerac pigviclefivarlangt sol i d
l'ithiumcould be nodified . ethat the position of the tip of the central
el ectrode is al so adj ust abl &"8% account for erosion of the ti p. Many ot her

el ectrode arrangenent ar e JIft pladna peddietion H@m§fbeﬁf@ﬂﬁsinge$16flblb§ﬂa ahove.
For exanple, the outside el ectrode coul d be cone shaped rather than
cylindrical as shown with hohplapmp spat issaidacesm veseals@ as kepisrvrerat leagtso,

performance in sone Watts, averaged over at least extreme ultraviolet radiation at

wavelengths within said desired extreme ultraviolet wavelength
range,

E. a radiation collection and focusing means for collecting a
portion of said ultraviolet radiation and focusing said radiation at

an location distant from said hot plasma spot.

2. A source as in Claim 1 wherein said hot plasma production means is a

dense plasma focus device.

3. A source as in Claim 1 wherein said hot plasma production means is a

convention z-pinch device.

4. A source as in Claim 1 wherein said hot plasma production means is a

hollow cathode z-pinch.
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enbodi ments could be inproved by allow ng the inside electrode to protrude
beyond the end of the outside electrode. This could be done with spark

pl ugs or wDl8aw878pT ei oni zers wel |l known in the art. Anot hercprishanrieu
alternative is to utilize for the outer electrode an array of rods
arranged to forma generally cylindrical or conical shape. This approach
hel ps nmaintain a symretrical pinch centered along the electrode axis
because of the resulting inductive ballasting. Accordingly, the reader is

requested to deteynm ne LAV Eent i qﬂgg . G| ai s
and their |egal g,an vﬁéﬁ?f%ﬁ?lﬁé il%le{e eg‘@(g%l%gnwg c'%1{%)gve g:(‘ailes(r:f{

gi ven. 77 WoapiBanai&hargedevids03/ 11139 CLAIMS What is clainmed is: 1. A
production line conpatible, high repetition rate, high average power pul sed
hi gh energy photon source conprising: A a pulse power system conprising a

pul se transforners.for ARbGAEGK N @hGCHrWiatinHaldSR6t padrha Prodatii@melnd he
range of 10 ns to 200 ns, B. a vacuum chanber, C an active materi al

cont ai ned i reogwriges ancaxgimertasen proviingia highirepetitian rate short pdpplapesibagmder at omi ¢
speci es charact e{.i zed | i ne within a desired extrene

: i bl¥1 an; 56ai. %ascI A vess .

ul traviol et §&V8 %aa[u}]p ?Igﬁbré, Y a3 Rot pel ‘asma production neans for

produci ng a hot plasma at a hot plasnma spot is said vacuum vessel so as to
produce at | east Watts, averaged pver at |east extrene ultraviol et
Padiation at  vavel ngtHic & (i (B b HEsep HCROr ST Prodiftignemeans

wavel ength range, Eomﬁrﬁe@@! ﬁ&énﬂf‘piﬁ@lﬁ beqtd U ﬁrﬂ@ﬁi&‘éf‘%&%rﬁ@m fnﬂEed
collecting a portion of said ultraviolet radiation and flocusing said

radi ati on at ultraviolet laser beams directed at a plasma produced in part by said plasma

pinch device.

8. A source as in Claim 1 wherein said radiation collector comprises a

parabolic collector.

9. A source as in Claim 1 wherein said radiation collector comprises an

ellipsoidal collector.

10. A source as in Claim 1 wherein said radiation collector comprises a

tandem ellipsoidal mirror system.

11. A source as in Claim 1 wherein said radiation collector comprises a
hybrid collector comprising at least one ellipsoidal reflector unit and at least one

hyperbolic reflector unit.

12.  Asource as in Claim 11 wherein said hybrid collector comprises at least

two ellipsoidal reflector units and at least two hyperbolic collector units.

13. A source as in Claim 12 wherein said hybrid collector also comprises

a multi-layer mirror unit.
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an |ocation distant fromsaid hot plasma spot. 2. A source as in Caiml
wherein said hot plasnma production neans is a dense plasnma focus device.
3. A sourwe 0amsisn7 Cl aim 1 wherein said hot plasnma product ipem/useang3d s a
convention z-pinch device. 4. A source as in Caim1l wherein said hot

pl asma production neans is a hollow cathode z-pinch. 78 WO 03/ 087867

PCT/ US03/ 11139 5. A source as in Caim1l wherein said hot plasna
production nmeans is a capillary discharge device. 6. A source as in Caim
1 wherein said hoy pl agum,pL AdHGHL; 1?%@@11 &?&%‘iﬂtﬁ et UnfTBE ofl @SET
providing a high repetition rate short pulse [aser am 1or generating
sai d pl asma least patidllypaabolicvessel . 7. A source as in Claim1l wherein said
hot plasma producti on neans conprises a plasma pinch device and an exci ner
| aser producing pulsed ultraviolet |aser beans directed at a plasna
produced in part 13y sahGoica$§tn QUAIALCH MhEVdI&Lcopriding @WebAs asieldhdvlimd m 1
wherein said radiation collector conprises a parabolic collector. 9. A
source as i magosi passagealigned withdsaidabiotaplpsma epntl fee passagw ap EUSe dighihand

el I'i psoidal cql.lector. 10 source as in Caim1 wherein said radiation
col | ector cdﬁ%Pf‘E&PaésagF%S% Sel i psoidal mrror system 11. A source as in
Claim1l wherein said radiation collector conprises a hybrid collector
conprising at |east ong ellipsoidal flector .unit. apd at | east

yporbol 1o refl edor dastured BRI, | SunEE T it R e aPEReERs nybri o

col I ector Coppdens®fhatirial ﬁﬁﬁ}undin‘é‘%g%b% Ra l@ﬁ'by&%b@eﬁ%@_&kiﬂ% yadif at | east

two hyperbolic collector units. source as in Claim wherein said
hybri d col | ebaped fatre® conpri ses

17. A source as in Claim 15 wherein said debris shield is comprised of

welded hollow cones is comprised of metal foil.

18. A source as in Claim 15 wherein said debris shield is comprised of a

plurality of thin laminated sleek slashed to create said passageways.

19. The source as in Claim 15 and also comprising a magnet for
producing a magnetic field directed perpendicular to an axis of EUV beams for

forcing charged particles into a curved trajectory

20. The source as in Claim 19 wherein said magnet is a permanent
magnet.

21. The source as in Claim 19 wherein said magnet is an electromagnet.

22.  The source as in Claim 15 wherein said debris shield is a honeycomb
debris shield.

23. The source as in Claim 22 wherein said honeycomb debris shield

comprises hardened plasticized powder batch material.
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a multi-layer mrror unit. 79 WO 03/087867 PCT/US03/11139 14. A source as
in Claiml1l3 wherein said nulti-layer mirror unit is at |least partially
par abol i cw0oD3/0886B0Urce as in Claiml and al so conprisi ngraTdshs/ig3shi el d
having narrow passages aligned with said hot plasma spot for passage of
EUV light and restricting passage of debris. 16. A source as in Caim15
wherein said debris shield is conprised of hardened material surrounding
passage ways | eft by renoval of skinny pyram d shaped forns. 17. A source

as "0 ai m 15 whar el adhhodebr €159 bihehdin SAIRbAELaRh migkied hol I ow

cones is conprised of neta source In Cam1l5 wherein said
debris shield is conpmagiededby sintepingr al ity of thin | am nated sl eek sl ashed
to create said passageways. 19. The source as in Caim15 and al so
conprising a magnet for producing a magnetic field directed perpendicul ar
to an axis of EUgsbeamnthefsoiirce bOmcCRIN Q Naticyeitl spidiatiivd matetial i@ cRoset foasl
trajectory 20. The source as in Claim19 wherein said magnet is a permanent
magnet. 21. The sour @reup ¢qnsisting af 1mmophten. dithiugiaindivragisdium andygilver.

el ectromagnet. 22. The source as in Claim15 wherein said debris shield is
a honeyconb debris shield. 23. The source as in Caim22 wherein said
honeyconb debri s 26hi ellthe sourep s eSlalmal dereseln shid ye¢win eehtpiosde additive h
material. 80 WD,03/087867 .PCI/1IS03/ 11139 24. The source as in Caim23
wher ei n sai d° FORAETVaIRRIEHRInA PMIFTAASi s har dened by sintering. 25. The

source as in Caim1 wherein said active material is chosen from
27.  The source as in Claim 1 wherein said active material is injected into

said vacuum chamber through an electrode.

28.  The source as in Claim 15 and further comprising a gas control
system to creat a gas flow in said vacuum vessel through at least a portion of said
debris shield in a direction opposite a direction of EUV light through said debris
shield.

29.  The source as in Claim 28 wherein gas flows through said debris

shield in two directions.

30.  The source as in Claim 2 wherein said dense plasma focus device

comprises coaxial electrodes.

31.  The source as in Claim 30 and further comprising a gas injection
means for injecting active gas from a nozzle positioned on an opposite side of said

hot plasma spot from said electrodes.

32. The source as in Claim 1 wherein said active material is introduced

into said vacuum chamber as a compound.
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a group consisting of xenon, tin, lithium indium cadiumand silver. 26.
The source as in CQaim1l wherein said vacuumcontains, in addition to said
active nawenBsm$7s6n buffer gas. 27. The source as in O ai mpCTwises/eilsw sai d
active material is injected into said vacuum chanber through an el ectrode.
28. The source as in Caim15 and further conprising a gas control system
to creat a gas flowin said vacuum vessel through at |east a portion of
said debris shield in a direction opposite a direction of EUV |ight

t hrough sai d debrks i . : i ) I p gas

fl ows through sa?g' de?ﬁ%gbggﬁlg%?lda?ﬁn? %Jhglleerng@teicgrr??? %@S@ﬂ%&gﬁge as in
Cd ai m 2 whergeiup coasistingestid Op) ladiyhiOB LI dayCase Lils Gl and s utt@aof ahy

el ectrodes. 31. The source as in Caim30 and further conprising a gas
injection MY HHSFAR i ng active gas froma nozzle positioned on an
opposite side of said hot plasma spot fromsaid el ectrodes. 32. The source
as in Caim1 wherein said active material is introduced into said vacuum
chamber as a conpéund . Thgsowice esingSlame ¥ apdiyrtheo gpraprising a dpser fopgaposiginge as in
Claim 32 wherein the GQRa nd i e.gposen froma group consisting of LiO2,
LiH LiOH Lid, Li2c3% afllY—e,m B%and sol utions of any materials in this
group. 34. The source as in Caim1l and further conprising a |l aser for

vaporizing sai d3gcti mat eri al.. @?‘ h§@ts urce as i.n ai]glgl and _furt her
conprising an RF-sour t Int I on
onpri si _ er9PreeS U CRim ShEPEPTIERE AR SO o At

Wi thin or near said hahyRlRgmRtiveRAerialdRto alDEatRAWiGEn 88ndaPsdid H(btglals_rn%nd
further conprising a preionization neans. 37. The source as in aiml

wherein said preionizapeton nmeans conpri ses

36.  The source as in Claim 1 and further comprising a preionization means.

37. The source as in Claim 1 wherein said preionization means comprises
spark plug type pins.

38.  The source as in Claim 36 wherein said preionization means comprises

an RF source.

39.  The source as in Claim 1 wherein said active material is preionized prior

to injection into said vacuum vessel.

40.  The source as in Claim 39 wherein said preionization means comprises a
radiation means for directing radiation to a nozzle to preionize active material prior to

its leaving said nozzle to enter said vacuum vessel.

41. The source as in Claim 26 wherein said buffer gas is chosen from

a group consisting of helium and neon.

42. The source as in Claim 26 wherein said buffer gas comprises

hydrogen.
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spark plug type pins. 38. The source as in Caim36 wherein said

prei oni zati on neans conprises an RF source. 39. The source as in Caiml
wher ei n swiod3astsbve material is preionized prior to inje@drarsos/mtie sai d
vacuum vessel . 40. The source as in Caim 39 wherein said preionization
means conprises a radiation nmeans for directing radiation to a nozzle to
preionize active material prior to its leaving said nozzle to enter said
vacuum vessel . 41. The source as in Claim26 wherein said buffer gas is

chosen from a grpup Sl SsilLng: hels . ) . r as in
Claim 26 wherein @ai doﬁ{t}fétoé}rcegqggp@c?%% %‘g]sﬁqﬂefggg%grslﬁg§2°I€%lt8g#]8§%867
PCT/ US03/ 11139  4shosehite psadike PedkScaphcifor aitierd darifg b pldsinapibrgeentsi ng a

capaci tor neans chosen to produce peak capacitor current during a plasna
pi nch event. 44. The source as in Caim2 wherein said dense plasma focus

device conprise qpaxile RuRetE afl€hifef Whdrsig saidiRibd fhsred LS 8dlgece 45. The
source as in Claim44 wherein said central electrode is an anode. 46. The

source as in O aicempBisehesadl glegtrpdestdediningfa eeairel edgsdngde.i s hol | ow and sai d
anode defines a hollow tip dinmension at a tip of said anode and said

hol | ow portion below said tip is larger than said hollow tip dinmension. 47.
The source as in 43.ai il seheeas m €wind 4d4ovheran seideentadl elestrbde isianmmedmt ai ned
in porous tungsten. 48. The source as in Caim47 and further conprising an
RF nmeans driving lithiumatons out of said porous tungsten. 49. The source
as in Caim44 wys ei mMigadodroe@nin Elaiml4Soihico¢in aipprivei efrsaicmodeis HollowThe
source as in Caim44 and further conprising a heat pipe for  cooling said
central el ectrodeand said anode defines a hollow tip dimension at a tip of said anode and said

hollow portion below said tip is larger than said hollow tip dimension.

47, The source as in Claim 1 wherein said active material is lithium

contained in porous tungsten.

48.  The source as in Claim 47 and further comprising an RF means

driving lithium atoms out of said porous tungsten.

49. The source as in Claim 44 wherein said central electrode is water

cooled.

50.  The source as in Claim 44 and further comprising a heat pipe for

cooling said central electrode.

51.  The source as in Claim 44 wherein said electrodes are designed for

radial run down.

52.  The source as in Claim 1 wherein said source is positioned to provide

EUYV light to a lithography machine.

53.  The source as in Claim 52 wherein a portion of said source is

integrated into said lithography machine.
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51. The source as in Caim44 wherein said el ectrodes are designed for
radial run down. 52. The source as in Caim1l wherein said source is

posi ti onewotod/opmsevi de EUV |ight to a |ithography machi nePC3A31SoFhE3sour ce
as in Caimb52 wherein a portion of said source is integrated into said

| i t hography machi ne. 83 WD 03/087867 PCT/ US03/ 11139 54. The source as in
Claim44 and further conprising a sacrifice region between said el ectrode
to encourage post pinch discharge in a region awnay froma tip of said

anode. 55. A sourge asryo(d@lalé1aAN G4t h Weler COMBEibiAL gga iftRyédigl source

for producing sputter materital to replace nmaterial er d fromat | east
one of said el edfetrwemsaidseectrdds auermeurge post Girahnii Shangh ér @ regiceawhysput t er
source also functjons to . provide preionization. 57. The source as in Caim
44 wherein said Rdip EiseidagdRe i s an anode defining outside walls and
further conprising insulator material conpletely covering anode walls
facing said cathode. 58. The source as in O aimb57 wherein said anode al so

defines inner walds ahdowenpyindilagn fihand Briber eamuprising a spwter sovgcedor | east a
portion of said inmner walls, . 1he ur in i 4 [ein said
el ectrodes are co‘?{ﬁ 1% l}ftfpgbgr ngtgrsl?l © rrlep?)éajtcretlgélc%)f‘3 gagff% e%ff%cn%tﬁg%%g ee& 60. The
source as in C aiqdaid elediddbsirt her conprising a shutter with a seal |ocated
bet ween said debris shield and said radiation collector to permt

repl acenent of electrodes and the debris shield w thout |oss of vacuum

around sai d radi a4g on £QhkEShOin Clikn SEWHBHIE & @Sputter SIS fuabibdsus t her
conprising an electrode set arranged as a nodule with said debris shield

so that the el ectprodde peiomzadionhe

57. The source as in Claim 44 wherein said central electrode is an anode
defining outside walls and further comprising insulator material completely

covering anode walls facing said cathode.

58. The source as in Claim 57 wherein said anode also defines inner
walls and comprising insulator material covering at least a portion of said

inner walls.

59.  The source as in Claim 44 wherein said electrodes are comprised at

least in part of pyrolytic graphite.

60.  The source as in Claim 1 and further comprising a shutter with a seal
located between said debris shield and said radiation collector to permit
replacement of electrodes and the debris shield without loss of vacuum

around said radiation collector.

61. A source as in Claim 44 and further comprising an electrode set
arranged as a module with said debris shield so that the electrode set and the

shield can be easily replaced as a unit.
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shield can be easily replaced as a unit. 84 WD 03/087867 PCT/ US03/ 11139

62. A source as in Caiml wherein said neans for producing a hot plasm

i s sufficwentosseproduce at | east 45.4 Watts at said int epogdisat/eliBocus.
63. A source as in Caim1l wherein said neans for producing a hot plasm
is sufficient to produce at |least 105.8 Watts at said internmediate focus.
64. A source as in Claim1l wherein said active material is chosen to
produce EUV radiation within a wavel ength band of about 2% of 13.5 nm 65.
A source as in Cg@i m j ' : ' ral i ng at
repetition rates 6%1‘ at]A eaé%é%n%gﬂbgwgggeng%\r{\@?g%%i%%%}gﬁcﬁgggg? ce as in
Claim1 wherein gdasthapsksficipanerprogisieanicast 40peWatts agsadd intermpéintet foous. r at es
of at least 10,000 pul ses per second. 67. A source as in Caim1l wherein
said radiation collector is designed to produce honogeni zation of said EUV
radiation. 68. A@30uUr & s@gcé i inlGlaith P whetbid sHid ARtnCREPrIdating adoagnet i ¢
means for applying a magnetic field to control at |east one pinch
parameters. 69. Alamwissufisionhtomradupeasloaptdi0aidnWVatis at seie iatpsmediates pi nch

|l ength. 70. A squrce as in Caim®68 wherein said paraneter is pinch shape.
71. A source as in traim68 wherein said parameter is pinch position. 72. A
source as in Caiml wherein said active material is delivered to regions
of said ot plasnma spot as a nmetal in fluid form 85 WO 03/087867

PCT/ US03/ 11139 7@. A Acsawse aagni(ai@ di whereinhwid petiveamatefipluischpggmiol s
liquid. 74. A sour as,...n Cai.ml1 wherein said . fluigd farrmis a solution.
75 A sour c AR EEY BB baYGRAEN AT o i o 1 Yading: on. 76"
source as in Claim1l wherein EUV |ight produced by el ectrons inpact an

electron material is collected along with EUV light fromsaid plasnma
65.  Asourceasin Claim 1 wherein said pulse power system is operating at

repetition rates of at least 6,000 pulses per second.

66. A source as in Claim 1 wherein said pulse power system is operating at

repetition rates of at least 10,000 pulses per second.

67.  Asource as in Claim 1 wherein said radiation collector is designed to

produce homogenization of said EUV radiation.

68. A source as in Claim 2 and further comprising a magnetic means for

applying a magnetic field to control at least one pinch parameters.
69. A source as in Claim 68 wherein said parameter is pinch length.
70. A source as in Claim 68 wherein said parameter is pinch shape.
71. A sburce as in Claim 68 wherein said parameter is pinch position.

72. A source as in Claim 1 wherein said active material is delivered to regioné of

said lot plasma spot as a metal in fluid form.
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hot spot. 77. A source as in Caim1l wherein said active material is a
metal vapor produced by sputtering. 78. A source as in Caim1l wherein

sai d actiwe oamgmsi al

is chosen to produce high energy rascatisosiiizght in

the range of 0.5 nmto 50 nm 86

73.

74.

75.

76.

77.

78.

A source as in Claim 1 wherein said fluid form is liquid.

A source as in Claim 1 wherein said fluid form is a solution.

A source as in Claim 1 wherein said fluid form is a suspension.

A source as in Claim 1 wherein EUV light produced by electrons impact
an electron material is collected along with EUV light from said plasma

hot spot.

A source as in Claim 1 wherein said active material is a metal vapor

produced by sputtering.

A source as in Claim 1 wherein said active material is chosen to produce

high energy radiation light in the range of 0.5 nm to 50 nm.
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