‘01 JUN zoos EXTREME ULTRAVI OLET LI GHT SOURCE Thi s application clainms
priority to U S. Application entitled, "Extrenme Utraviolet Light Sourc

10/ 189, 824 filed July 3, 2002, U. S Serial No. 10/120, 65

filed April 7, 2003, U.S. Serial No. 10/384,967 filed l\/agcr‘ﬁ@h%&ﬁ,
[ il

ell

'10,
2002, U.S. Serial No. 09/875,719 filed June 6, 2001 and U.S. Serial No.
09/ 875,721 filed June 6, 2001, U S. Serial No. 09/690,084 filed Cctober
16, 2000; and clains the benefit of patent application serial nunber
60/ 422,808 filed COctober 31, 2002 and patent application serial nunber
60/ 419,805 filed Cctober 18, 2002; all of which is incorporated by
reference herein. This-invention relates to high-energy photon sources

_in particul ar

highly reliable x-ray and high-energy ultraviol et sources.
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BACKGROUND OF THE | NVENTI ON The sem conductor industry continues to devel op
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and in particular highly rcliable x-ray and high-energy ultraviolet sources.

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 lineexistsat157

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 ail 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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12006 |ight source in the range of 10 to 20 nmis required if the resol ution
of .optical lithography is to be inproved beyond that achieved with 193 nm

or 157 nm Optical conponents for light at wavel engths b?gmém are
very limted. However, effective incidents reflectors ar d and

good reflectors nmulti-layer at near normal angles of incidence can be nade
for light in the wavel ength range of between about 10 and 14 nm (Light in
this wavel ength range is within a spectral range known as extrene

ul travi ol et hdighbursadi SREEa! [ ' ' 1 S - rays. ). kor

t hese reasongs t here ins a needbfcl)P I:ghzgooo ?%*ei%lg%?d;gﬁhghg%lgﬁ?%ﬁg cal
wavel engt hs lithogiapky isdn e imprived heyoni] thitachie¥&d With 93 FeorFsant Optiadle of
the art in hi %ener 3] i]r aviol et apd x-ray sources utilizes plasnas
produced by % gpaﬁs%r ight gt wavelenghs bglowy 157 aumare, veryslimited adloweslect r ons
or other p ' ; ' e e ut the.debris created
by abl ati onae(r)%écﬁkiqg%@ég g%ﬁé;&gogfiﬁas %epir%i ﬁrr{l;f‘lngga cp%ﬁfggté’f%%u' FY gy 8ear

conponent s aformabarglevnfiindidembe dad be mage fstuidht Bchk WAReRRShHAgRIb bhrwRicaPOSed
solution to ai’ge eg_{d s problemis to use a frozen liqurd or liquidfied or
frozen gas t3PYet e (hightiaghis svaxplengthaengstiswithin speetrad range knophi cal
equi pnent. Kk : : e _syste hayve so far prgven ta. be
practical %ﬁ%&%ﬁ&ﬁ%ﬁgﬁ hgg‘?)%%?% WSﬁE lf@\{ﬁh@“‘o‘@ﬁgﬁﬁ%ﬁ KR rikgsenany

years that xessystherdishingdd o0 6od relibbleYight Rlurdeafivaldlibh G Wirahge QlcRduced
in a plasma pinch operation. In a plasma pinch an electric currenit 1S

passed t hr of§I9f abptddranmn one of several possible configuration such that
the magnetic field created by the flowng electric current accel erates the

el ectrons a QNS . i.n tiny volume with sufficient energy;
to cause su'lr;lgnté;g{%g* Qgt% P?%S@#g&g%hgﬂ%r%?%h&vé‘ﬁﬁa&ﬂ§‘IPV6?1'{I‘E‘T~?é‘ '%‘??flmsa ‘
consequent [urodtieed b bontbasdinyicks tarBitaRateRAS Gith 144} baho Eﬁku&%%%&lie?n-
Various prior art techniques for generation of high energy radiation from
focusi ng or BEFYFes niplid)targaisdase beanatsed,i i the debtib erepted by rablation sétHeisotid of
U S. Patent , 4502 Typical. prior art plasma focus deyices can
generate larg etaﬁ%%?’%’?&%%@a%#%ﬁ Sk ‘éﬂ‘f{“ﬁb‘foénﬁ)%?tsp?éﬁi%sﬁw jatended for
| i t hogr aphy prédiictiah tink bpérh@eh. | Apfop&id sohRibn't8 iR dH8s %n%b et %0 R&a VR €
el ectrical energy requirenents, and short lived internal conponents. The
st ored ligmd or Ilquldﬁed.o_r frozen gas target so that the debris will not plate out onto the

qptica.l equipment. However, none of these systems have so far proven to bc'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. Ina 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 jons 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 backgrouhd 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




2 0 JUN 2006 electrical energy requirenents for these systens range from
lkJ to 1000. The repetition rates typically did not exceed a few pul ses
per second. What i-s needed are production line reliable,, &?g}{@ @ﬁ)r
produci ng collecting and directing high energy ultraviolet x-rg?p i on
wi thin desired wavel ength ranges which can operate reliably at high
repetition rates and avoid prior art problens associated with debris
formati on. SUVMARY OF THE | NVENTI ON The present invention provides a
- reliable, high-repetition rate, production |ine conpatible high energy
‘phot on sour dectrigalveneygih orquinsmentisefor dhesai systsmsarange tfrope ke eWIOgJ - jEhe
produced i n vaguum ?hzanber1 c'}[He act i V‘f gaterli ea.I IS arﬁdatom' c el enment
_having an effPELFates ApiGal P ngt Gieerd APV RESERETSPLP Vi ol et (ELV)
wavel engt h- range. A pul se power source, conprising a charging capacitor
and - a magnefyyat $9 ARIIRE S Prodictibn line GEIMAE, SSyBeme for peRiutingneel1eetfiRr and T———-
provides electrical pulses having sufficient energy and electrical
potenti al sdifdctiogdwigh erergy vittaviolat xeradiakjon within dcsnag wavelepgtdanges Whidcus at

rates in excess of 5. Wtts .on a ntinuoug_basis. and in.e . of 20 Watts
on a burst °W§4te-’ieh\é€|9'é’? Q‘ﬁBé@eéﬁﬂ%WmaEvﬂgypﬁﬁ@gpﬁ?ﬁcﬂééﬁg%aa%td s?a |81n- band,
EW light egOelF¥midtidahe i nternmediate focus is 45 Watts extendable to 105.8
Watts. In preferred enbodi nents the high energy photon source is a dense

pl asma focus device wth co-axial electrodes. the el ectrodes are
configured co-axially. The central electrode 1is preferably hollow and an

active gas is introduced ou t e, This permts an
_optimzation of the spect ra$UﬁMéﬁ§()Eﬁchgﬁﬁﬁﬁ ' eparate optimzation of a
(buffer gas. ﬂ}é&h@%@‘éﬁﬁ%ﬂb Rt rdl®1e; eRihabpetitiont fagd eproguatichskak Wi th a

high negative 'electrical pulse so that the central electrode functions as
a hol | ow catémpatible Bighf emargyd photbndoweat s Arewehot piasingi contaupg ap active

i tance val ues, de length and . sh d ferred acti.
del i very sy SPEREI 5 Rodnesd) igo@Hvurashupher « Hhe sty nauatenal i o Bopi S sy
cooling thePE\?ﬂ%EﬁéTﬁsﬁﬁtlﬁﬁ%thiﬁQd@éﬁ%d%%@é‘i’ﬁla Bl &I (EUV) idvelh@h@shdehr ough

the walls o ol 'ow el ectrode. In another exanple, a heat pipe cooling

systemis A pulse power source, comprising a charging capacitor and a magnetic compression

circuit comprising a pulse transformer, provides electrical puises. having sufficient
encrgy and electrical potential sufficient to produce the EUV light at an'intennediate\
foéus at rates in excess of 5 Watts on a continuous basis and in excess of 20 Wattsona
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.

é | | 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 ceniral 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 rliengfh 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.




described for cooling the central electrode. 3 N 2006 An external
reflection radiation collector-director collects radiation produced in the
pl asma pinch and directs the radiation in a desired direct irgﬁ.m(ﬁﬂéhoi ces
for the reflector material are nolybdenum palladium rut [ di um
gold or tungsten. In preferred enbodinents the active material maybe
xenon, lithiumvapor, tin vapor and the buffer gas is heliumand the

radi ati on-collector is made of or coated with a material possessing high
grazing incidence reflectivity. Qther potential active materials are
described. In preferred enbodi nents the buffer gas is heliumor argon.

- Li t hi um vapdkn pstprisd reflactidu cadiation salleotor ziaetion cofledtddthtioh prodieidl i ki um
| ocated in a,hol e .along,the axis qgf .  the central_ el ectrode of a coaxial

el ectrode c@ﬁﬁmlﬁfﬁaﬁidlf?‘itﬁwoﬁl‘%é dssiredydiseatignd Gnod chaicdsdosthei nce

al kali netal ' i i bRl um sol ution i.n o apponia (NH3) is
a good candirg%%é(%%ﬁéilt%ﬁ?ll?% @ﬂ g?%o ’bdgj 1%?%@?@?&%ng£%%th&3$€?32&3 I n
which pre-i préfered embddiswhtthe sctivermvasridlbeaydeiungn AHhRASGRE, tRNVAPsHA0
l'ithium vapgbr1 @_Ir}g%al Sp pﬁe-i onization. In preferred enbodinents,” debris is
col | ected ot srtisbeliunepd thrapdiaton-spllestords made by coatell adibs: mategaled

with |ight Ss8 gy’j to the. pi.nch.site and directed toward the
radi-ation C(li))l6 ?egtgé- r%c%gg.m?ﬁé&rperf ﬁ%%tﬁ'i“gn O%HPQFPB?} achve é‘@?%’rafsd?lieect or
“and t he conidesdribedst ed debris collector could be fabricated together as
one part or they could be separate parts aligned with each other and the

pi nch site.  Thi rotofype devices actually built and test by Applicants
convert el el® P¥%€’Fe‘£ﬁfp %@mep@i the buffgrogastis helivm areggori. vieithiom @porimay ®@ of

tored el | : : Nol™|E ' . roxi mately .5 of in-band
36 5mm 1 o BSR4 BF FasioBlin BEAR & T ARRUR GRSk sele Soas bermipel
~denonst r at etheacantny etciode of fa cdaai yel@irodl Ushfi %n.ApIQJiﬂhﬁﬁﬂt.ﬁa& 8?{, ipgat e
ia

that they can cgl :_ect about 20 percent of the 50 mJ 13.5 nmra Ion so
that this 8 ingobgiqns sinceratkpliometalp dissnive in amingks) 1A Lichiom sahoioh inf 10

Chortbur st Ty ey PO THIBEAGRE Yoot S5 58 pab e by b ondieriaa: pu <
have been dproeesst inathith prgiidization discharges serves the double purpose of providing
- lithium vapor and also pre-ionization. In preferred embbdi'ments, debris is collected on
‘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 pulsés |
(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 27 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 ml. Applicants have
demonstrated 1000 Hz continuous operation and 4000 Hz short burst opefation. 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
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col l ection techniques designed by Applicants about half of this energy can
be delivered to an internediate focus distant fromthe plasma source. Thus
providing at least 5 4 O JUN D006 Watts of in band EWV I|i hbtat 1 he
i nternedi ate focus on a continuous basis and at | east 200\%\61 UN 006 bur st
basis. Applicants have al so shown that the techni ques described herein can
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. TWatiebtintband BU liglitui the inlermediate fiddus on afcontinupup bagiandpé leastr
device is presented along with a_description_of everal ,preferr
 modi fi cat i oS Waks epddyrs aﬁﬁpﬁﬂpgcéﬁ%[ﬁ”fq 3130 showmm t@?‘e‘ﬁ%?cgﬁ'&ue Jeetsgrgbrer?ance.—f
In other e L.nen R 4 P : I60-\ 18 rfiedih
—devi ces Sugﬁe%jig??t%hgg ger(# ngﬁdé@%wﬁ%ﬁﬂgg\?%%ﬂgn r}glﬁﬁﬁvvg%?ﬁgge z-pi nch or
a capi | | ary5 gpGHAF gRarE. At TE0Plzatheendamyredpulgr- el noigy Stabilifu (tandaga s
di scharge | aser beam The pul se power or each of theg oyr ces isqﬁ)roduced
with a pul séevission wayabaiD 4o ardng drep quiRilses WesgRbservh '(eigi%e ?cﬁ'éc%w % ght
preferably is, produce | I 1.S: R ; L@ ; '
I nt er medi at %“q‘ ‘g%eﬁ%m@s‘%nfé%o%@%éfp%n%?g dg lctg ﬁsgh?g%ﬁéﬁl?qlge %@sfgﬁsﬁg%@r?e?fei n.
The present sdyaeNpriefiiredl Mddifcationyr inednded| toi ippmivenstabilion effickedoy and
l'ithography in a reliable, high brightness EUV |ight source with em ssion -
char act er i spéerfegmaste. mat ched to the reflection band of the Mo/Si or M/ Be
mrror systems. Tests by Applicants have denonstrated an inproved

el ectrode confiquration in lich t kAR ki in
whi oh the clgiefenediel el By SEBfed i St f)na FRR AR Sudll
this confi ggs aboRRnlibital RPinchvideoite whell@v oathiedesz-pinsh onuncapiBary dischargé on so
special pre- ionization is not needed. BRI EE SCRI PT1 ON Tll—llF DRAW NGS
FIG | is athegllasmamanbe produsedgvidh a ulsed gas s%eﬁm EERUSEPOR hower
source for EUV, and soft x-r r nts of -
a pul se t raﬂg?a(‘ipr‘?gﬁ’.ese Huess @&g&%@%ﬁ&g@ggﬁ%@gg : %atg.é déstfibed ferdth BP

in each the EUV light preferably 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'implementatidn 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
conﬁguratioh 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.




FIG 1 D shows a reverse polarity pul se power source. FIG 2A shows

el ectrical features of a dense plasma focus EUV device. 01 JUN 2006 FIGS.
2A(1 ) and 2A(2) are cross-section drawi ngs of a plasna: i?ndmjmotype EUV
device. FIG . 2A(3) shows the prototype with vacuum chanber FI G- 2A(4)
shows flow cool ed equi pnent. FIG 2A(5) shows effects of flow on output.

FI GS. 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 sho S .hol | ow cat.hode Z-pinch device. FIG 2D shows
features of VE‘%%SWF@?@P" %‘.‘@éﬁé“rb‘@sﬁﬁxﬂl%. rawmngsof aplagipg pch pelotpn BV
spectra. Fl Gfevide. 4A and 4B show features of a |aser produced plasma
systens. FIG 4C shows a hybrid EUV system FIG 5A-C shows nethods of

maki ng a debFiG 24¢B) showsrthe ProRSypswithivdciih shimibdreat ur es of a second debri s
col |l ector. 7 B, d C shows features of a third debris collector.
FIG 8 shO\A/sﬁ[chG@Afé %'omﬁé%“t' ﬁ‘i"ﬂ?ﬁ%ﬁk‘nﬁ’@} ative to reflectivity of MSi
coatings. HiG. 23s) ﬁm@"sgf%\?ﬁ%gtﬂio\éﬁm% ig of a hyprobolic collector. FIG

8B shows a portion of the eam producéd by an ellipsoidal collector.

FI G 8C shovEIGS. 2a(6)-(30) sliow perféthdnbedarapr oduced by a hyprobolic collector.
FIGS. 9, 9A,FlEi ?&?ﬁ C,show conbi nati ons of radiation collectors and debris
col | ectors. & BSQHWSH“B%@W sprfiguration. nul ti - | ayer nmirror spectra.

FIG 11Ais r W, [ ] f. various materials for 13.5 m
ul traviol et ﬁr(g ?a%?grg?m '%%F’F%&‘?ﬂﬁ?ﬁ@wé?p’ﬁ%dﬁng%ow col | ect or - desi gns.
FIG 12 is &I 26 shgws fieatineg ofa helido camedé Ripihdh deRshidci Nng source gas and

wor ki n as.__ Fl 13 is a tinme chart.show ng the anode voltage and EW
i nt ensigtg. - FIG. 28 shows features of a capillary discharge device. :

'FIGS. 3A and B show xerion specira.
FIGS. 4, 4A and 4B show features of a laser produced plasma systems.
FIG. 4C shows a hybrid EUV system. -
FIG. 5A-C shows méthods 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 Iithium peak relative to reflectivity of MoSi co#tings.

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

-FIG. 8B shows a portion of the EUV beam produced by an ellipsoidal cbllector.
FIG. 8C shows a portion of the EUV beam produced by a hyprobolic collecfor._

_F 1GS. 9, 9A, B, and C show combinations of radiation collectors and debris cbl_lectors.
FIG. 10 shows a xenon spectra a multi-layer mirror spectra.
FIG. 1A 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.




~FIGS. 14A, 14B, 14C and 14D show the effect of various central electrode
designs on the plasma pinch. FIG 15 is a draw ng shovm' ng a techni que for

using RF energy to operate |ithiumvapor source gas. 2\_&32 Eﬁﬁ 16
shows a heat pipe cooling technique for the anode in a pre g F

device. FIG 17 shows gas control techniques. FIG 18A, B, C, and D show
~techniques for controlling active gas and buffer gas in the vacuum vessel
of preferred enbodinents. FIG 19 shows a tandemellipsoidal mrror
arrangenment. FIG 19A, B, and C show the shape of the EUV profil e at jUSt
downst r eam FIiG. 16@hoWwe s is@ pipdddGhing R2hni2é forzhe ammiei? a preforred PRE davigeie f or
wat er-cooling of the electrodes. FIGS. 23, 24, and: 26A and26B' show
el ectrode d@gfr dﬁ§h°WFB%§°°2§°]sﬁﬁb&§‘I‘¥5t echni que for reducing el ectrode

er osi on. d 27 Et?rﬁﬁo?l é‘ﬁ% g&e&ndlﬂuﬁe Andad B
show t he usfél%oflggr‘ggggtm%tlgs@c}ﬁyr gﬁqu nc it Ve 9A, 29B, 29C and 30
show pul se m@gﬁsvesﬁi@fpﬁferﬁehmoalmém on| zation technique. FIG 32 shows

the effects of preionization turning. FIG 33 shows.advantages of dense
pl asma f oc uEIG. D& shewes tmesmrliinsomk] EHIPRRIEERSNENBOD MENTS  HOT PLASMAS To

ot i asmef Ihr Ak e b8 (hE P e mfY PRAE AT dOMRule BN © verY

t housand degysges. Cel sius. Plasmas at these tenperatures can be created by
focusing a very high power (very short pul se) |aser beam or a_high energy

el ectron beBIG®R0; POA Sk dndR shiowea teehnifue f%”ﬁ’&f'coplmg Q @Fﬂ?%‘&fér ble to
Deverar speblGH 23F oEan g6A BerhR Mol SR sGel 07 b1 hoh the pllaom.
¢ ~ FIG. 25 shows a technique for reducing electrode erosion.

| FIG. 27A 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




These techni ques included (1) a dense plasma focus technique {2) a regular
Z-pinch technique, (3) a hollow cathode Z-pinch and (4) a capillary

di scharge technique. Al of these techniques are discu%@nggﬁ gmﬁater
detail below For use as a lithography light source for inté&gr dcircuit
fabrication the light source and the power supply for it should be capable
of continuous, reliable, round-the-clock operation for many billions of
pul ses. This is because the |ithography nachi nes and the associ at ed
fabrication Li.nes. UN 2006 are extrenely expensive and any unschedul ed
down tine cc')itiJ'-JIe= - rgﬁﬁre éséxrﬂenf%g ?3@ By “nﬁﬁh?gﬁlsééo ¥Re $eRIIESPEsse dessey of per
hour. ATOM ChidrbsEs thddsinds ok HolMs Pl holECTRAL LINES As stated in the
background section of this specification good nmirrors are avail able

provi di ng refl ectancesin the range of about 70% or higher in the

length th f et wee d 14 nm. Th i
typical Ly provi do r STOMGSOHERCES Mk T hary s SRECTRAL TVES o ror e
narr ow spect AglstatrianuibhllloddiPsct fod B s UUIAARES 5058 i SXARLLuI RS

mrror depicted,in FIG 117A provides re es
spect ral rangrevisingiistiattarices i the rage®f about 709 ¢ hkHer B the WavBRnR I higd as

having a reflectanc ofg)aé)r%JL%OJ at 13,5 nm with a FWHM bandwi dt h"of 0.5

nm These ni{ tl?&‘éfee”@i’ﬁ“b ppy, dibese mirrary bipicadly providorefleptagcaratieses f or

future integkigh etusd &Vbler 4 4 Elhiasna produci vi ces descri bed

bel ow, i ncl ud‘lg'n'g t hoseysh%rv\%ﬂl?% Ilé'l- @bﬁ %\Al?%}%u‘gfttpﬁg‘ep%&%e‘méﬁ%ep ¥smas

wi th ext r emsdxpntply thet reirperdepictedsn FIG ! Ny pfoamgr&iep&ﬁ&&r&*abbﬁt%%%rgfegr ees
e

Cel si us but thg%ajpectru nof |ight emitted is spread over a very w
range. To priPgticd AR et ahouhil -2t trel 3o amy ¢ Bhis awigrer ¢hn bb alescril®d B4 having a hot

spot pl asnma gheMlshel tqmi ¢ .bangetappterial with spectral. |ines in
the 13-14 wurn rang‘f(g!iﬂ'i %{ggi@ l%’ot enﬁalaﬁh&gﬁ%aﬁﬁ%yg}“e RERGIrOrs

i ncl udi ng xemeonbe kffedtively atilized iigr 1ifHograpRP mAdhHes foR TR AL GRleoMREdiS

i nvol ve traﬂe- offs relating to spectra avail able,- efficiency of conversion

of plasma endPograply- cRlesmy producing devicesal¢saihedtbelow, nchilinpdhbse stafwn in

I njecting t | a egi on.,debris proplens. Sone

pr Jef err eg t gﬁges?ﬁg%ﬁju{éé??nﬁggée %Spg)?p{ﬁ%ﬁ wyhg ﬁmlehglélggit"slg%%t“%sén the

di scussed bahnge of(stheral thodeind Hegreks Celindays RN Pebah _o?high@éxﬁfﬁsafifsﬂ?éaﬂduce
S are we

spectral lines at high tenperature and that these Iine
docunent ed <t AXETYiWide ragie. Ao psednee light/withinghddesisd damgierofdborittl 3i 19 rany at her

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 chotce of target materials involve trade-offs relating to spectra available,
gfﬁciency 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 shou!ld
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

_shownin FIGS. 3A and 3B. FIG. 1 1A shows EUV Xe spectra measured by Applicants.
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straight forward matter to search.the literature for a suitable target

mat eri al which when heated in a plasma will produce a good |ine at the
wavel ength of interest). Xenon Xenon is a preferred atmcd$ﬁrm5.“'lt is a
nobel gas therefore, it does not present a debris probl'em Tt

hasrel atively good spectral lines within the 13 to 14 nmrange as shown in
FIGS. 3A and 3B. FIG | | A shows EUV Xe spectra neasured by Applicants. S
1 JUN 2006 FI G 3A shows a neasured single pulse spectrum FIG 3B shows a
cal cul ated theoretical Xe spectron, It can can be added as a constituent
part of theFGf BAr slyes a mdasaredisighapylse shestom., KIG. 3B showsea icalcBiedd ¢l ose
to the discharge aor.. pinch tegion spt I ts: ncent ' ' . er
there. It cthgomstisy )ffeSPEG}B?'“e&?‘faB cﬁ'ég‘?)%[‘]ﬁlgs %B?qsﬁﬁﬁn%&g%ﬁe? ﬁj&’relgtﬁ{eed into
the dischar gigc}?arrg@éﬂﬁﬁiief 2913 b@tnjfeted ABécto e (ﬁsa{a}g(%febr%ﬁ;dﬁ@éiom §cothat iy ¢
concentrati Isogreatly mcreaseld In the plasnma. rtain xenon conpounds
(such as xgsRen@atidn s Qiréaier) thesegHt cant siso ekmolpdde tedowdts bedling paintsand j ¢ hi um
Lithiumis also well known as a potenti.al target naterh‘?l. d;tt i{ssat§rn§c0| id at
standard t emratelt iite shesdigcharseiepingd segion a3 B, lfald,Ph A SaHE St s %

t echni ques nust . be: devi sad : ‘ IR BT Gertdid Ré dflisaethag ge or
pi nch regi Oﬁqncggﬁ%w&%lgﬁ%ﬂgg lwg%ﬁ%ﬂgthggﬂare'd%%rglé %%%Hﬂiér?ﬁ%ﬂﬁgﬁpﬁr ent patent
appl i cat i ongerifoxifNludtided nighittalsoansleggodnatgeaniterialsechni ques are descri bed

bel ow. Lithiumcan be injected into the chanber as a solid, liquid or a
vapor. Tin Tin is also,a preferred target nmaterial since it has sone
I ntense spectral lines in the desi reﬂ-tﬁﬂﬂge. However, like lithiumit is a

solid at standard tenperatures and does pose a debris problemsince it
(coul d pot engj@hlny i$hib velllknd¥n 8Pk ipotintialitafget esaterfill SEiPONIR SysAEtrd
Electrical - Crcuit Need For Long Li.fe Reljable Pulse P?wer Sever al Bri or
art pul se peseperatupss| andsiy doesiposgracdebuispioblem: shlsgr RSS! LSROPIAVET BRI PRal

devised when adding atomic lithium to the discharge or pinch region. Some pf those
techniques are described in thg 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'm_gperial 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
s}rsterri' 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




hi gh vol tage 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 f life and
reliability needed for integrated circuit |ithographic grﬁﬁé@@ﬂ@ﬂﬁ
Applicants have, however, built and tested a pul se power systemrelying in
part on technol ogy devel oped by Applicants for their excinmer |aser |ight
sources. These exciner |asers producing 248 nmand 193 nmlight, are

currently 9 Stdnsh N, _ ] -used N souyrces for |ntegrated
circuit fabrication. 3’%9?’8%{‘@?@%%’%%E’eate%;%é‘gqlmlﬂ%yéﬂ@m IFfSFCIEl%lF

devi ces bui | pulsapbwersystemifyr BUW|devrRb butanddéste by A %@d&h{s@s pgﬁ(@?ﬁ%' N

pl asma focus devi.ce is described in the follow ng sg tlons. escription
of the el ectFPERMR Plasmatosnsevigmis describedinghe fallavarg pattisas.pover syst em
wth reference to FIG | and occasionally to FIGS.. | A 2A and B is set
forth bel ow.” A conventi onal approxi mately 700 V dc .power supply 400 is used

to convert A@deﬂ:ﬁpﬁbﬂbﬁﬁbe&@ﬂﬁﬁl-d‘nﬁcﬁﬁdrﬁﬁ 'Arhbifm\?,\sg@‘ SvlQUer .1 Nt o
approxi mately 700 V do 50 anp power. IS po -"?féég‘lp?%P?éﬁ%@%%#?‘Bé@%ow
for resonantfekrelce e FIG k andogecasioraliyrto FIGHI VA LA and BGs sh oAk beloiv. a | ar ge
1550 it F capacitor bank, C- 1. Upon command from an external trigger

signal, the falabeTe ey - Nt a charging eycle by closing the
' commnd-char‘%?ﬁg SVil P@h?ﬂpg&émfﬁbebﬁﬁygﬁdﬂo@ﬁrg%géé 004s psebfmpenvertr 8Gi t i s
formed froreldchicalpbwerRémivkifity 208 vbﬁ’rgbma"ggggpﬁl% ?ﬁlp%@%%%%)l yazl@l:\,c citor

bank which forns a part of solid pulse power syste rent
t heref ore bEGHMBOWE- dTkig Parge supplo ADT provtidesoprbertfoe rdsbndn @H&osH u@ndop Nt O
CO, chargi ng, {.tance. . Becau the C.I capacitance is mnuch,
much | ar ger %Oﬁ‘gﬁgﬁtg ﬁﬁpg@péf&'gteﬁﬂﬁ &, arge L5tk eagacitsy batd, Colarlpasisogveand s
appr oxi mat elfson2ar éxverhal thigeérdidnh P thetebdrage .on ¢ 1.during this

resonant charging prppggg. %e cﬁa_rgi%g%ﬁ%egﬂ?ﬁ%g%scgwmg%ac Elm

si nusoi dal -$bfgomraerd-chasging switehy § 10 OncXessdrthicRied 4 r30RarTCRES! & AshRa’

wavef orm '?lig?rrﬁi:%rc-tl% caor}terol, the end vol tage on CO, several actions may
take place. EITSt, 't KPS ASHHEDEIR Gtef Ls\spuda CE cppagifpr bankogudeformp aat  any
time duringphtief BelidBhis€ P e 2y hiu LR, S.6ase.. current ceases to
flow from C-1 but the gui??‘gntss}t ﬁrgf{!ﬁ E’ggs%li‘%agﬁﬁrfégﬁn&%ﬁﬁ%‘?g‘%mi‘ﬁ@ﬁ@e |

char gi ng i n&98 6r1 Geenghitheb! irslutooand intto COtidigiap ap thdt eafacaendeh ebing

the C-1 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. In this 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 C0 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 CO and charge it to a higher voltage.

In addition, the de-ging switch S2 across the charging inductor can be cvlosed,

effectively short-cireuiting the charging inductor and ‘;de~qing” the resonant circuit.
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di ode D3. This has.the effect of stopping any further energy fromGC1 from
transferring to CO Only that energy left in the charging inductor LI

(which can be substantial) continues to transfer to CO find ¥Rf@ls it to a
hi gher voltage. In addition, the de-ping switch S2 across the charging

I nductor can be closed, effectively short-circuiting the charging inductor
‘and "de-qing" the resonant circuit. 10 01 JUN 2006 This essentially renoves
the inductor fromthe resonant circuit and prevents any further current in

ne g ; res h . Y TS !
then shunt Shis Rp SRR ERItES e el Hept s KrorattEirel) pidbidi g gp el ' °
char gi ng i nglyiedr@in thk indubRR 981 SinfguMpitd SHarsup G0.0Cinhént feth@imThctbr 8dReP4 .

Diode D4 is included in the circuit “since the | GBT has a reverse
anti - par al | ehunttidoaveayi frarh lkelad and treppediin the loppmade up of chasginglindpctoshduct

oot ner theds-aing seut RS ddab Argina aiois BE° Hitden? B BoRAs i e gt D "
Finally, = agybl apd as A re SO b phtafiBl &ode SRNGRY haké Abite QRO WDbUNP!

shown in this preferred enbodinment) can be used to di scharge energy from
CO once t hencinailyi copdogtakeerss curcamp lAst &tepult,i diodh Bd blocksrtbisrevarscawimenste very
fine regulation of the valtage o . .The wer supply.is 8.V, 90 A
AC i nput, swlﬁb,m@tﬂgwmws tﬁe%@%&*&@?ﬁ%@%%ﬁ%‘é&ﬁﬁ?%ﬁ?% ded by
vendor s SuCh <felabWR" SPbhMRI-WiERIE serid:TERUR! Yhh nof oSl in R FiTErred

Sor ensen, etc. second enbodi ment can use mnultiple, Tower power, power
suppl i es coembodiattnt)ncaneld’ asedagoddischarger alek®l fromnG0 mate drschangiog dgele i
provide the total yoltage, current, and average power requi re ts for the
(éystem The cempletedy Haishedin greer tachigye ey ing & jongdshe voltagrgpitded of two
450 V DC, 3100 F, electrolytic capacitors connected together in series.

The resul ti | ¥ a vVso Y B i itbgi ent
mar gi n overwﬁgﬂ?eﬁ%ai igydﬁf?%‘%g&’o%eéh%ieﬁgﬁﬁtfg%e?Sgl'hes? cetlﬁp‘ggi ors can be
obt ai ned f r ecliagepderes supplyprasidsp ba gesiordvuch as Yniversal YultronicslambihEMip mand

charging swtch $S1 and output serjies swtch S3 in the nbodj nent are 1200
V, 300 A | CERISSHpYL¢fas Sorensen &l o Sifé’n“&neﬁ@ﬂﬂ@?e“&fmc%'% 1pChioaver pawer,

CLO00 24 N i A A S RO 4T
LI is total voltage, current, and average power requirements for the system. The C-i
~ capacitor in the resonant charger 402 is comprised of two 450 V DC, 3100 pF,
~ electrolytic capacitors connected together in selfies.- The resulting capacitance is 1550
pF 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
é embodiment are 1200V, 30O 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 approximétcly 140 yH . 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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. a custom nmade i nductor made with 2 sets of parallel w ndings (20 turns
each) of Litz wre nmade on a toroidal, 50-50% Ni Fe tape wound core with

‘two 1/8" air gaps and a resulting inductance of approxi %elgﬁmgH .
Nat i onal Arnold provides the specific core. O her enbodihents can®utilize
di fferent magnetic materials for the core including Mlypernaloy, Metglas,
etc. The series, de-qing, and freewheeling diodes are all 1400 V, 300 A
di odes from Powerex, part nunmber R6221430PS. |1 Once the resonant charger

402 char ges QureGh: r@ohantgherget éOZJ&[@%@tLFﬁtbya RigE6iis gRhertiddl by acBRfrollRIMN) 1 N
t he resonant ch%ger that triggers the I'GBT; swtches S4 to close.
Al t hough onl@oHMeWR) & idhgresonant haygercthat tagaeraticalGBT owitches 54 y9 cld4.

consi sts of g l.el; | GBT'.s. which..are used. tq dj arge CO.i.nfo C .
Curr ent frbn@i ?%Baﬂgﬁ‘gﬂﬁégﬁlPo@Wﬁ%ﬁma%Bﬁ&P&@“&ﬂf@aﬂﬁi 0 oteighly i nt o
—a first magnatdlie] IGBTCH with ardSubdd & aRthaBE ICE HABNEE. aC&rdif Bnsi SRk iCh t he

design of this magnetic switch to allow all” of the 8 parallel 1GT' s to
fully turn Sapqitoss thenhischayges dwough thedSBANs and inte arfast migrietidswiscluhS1i n t he

Hoed to %t ¢ bt L Eofaiit b i e fetth of hisRigmetic s Mlow b 00 1 0
C1i i , ' : ' : LS 1
is typi GBé 8 pa@NetiGBT g iRy Alm D% (14 klbs j”fno%%% Eﬁ%&@ﬁafséﬁgﬂgﬁ%b@ﬂt&ﬁg%u

bei ng approxi mately 230 nH. As the voltage on |
desired vol tinde disthargegtircuite cdivat slasnrecthe etadm durrem gt iicgeneiatedant G8ed o0 out

and that swi,tch.saturate transferri the energy on G _into 1:4 pul se
transfor mer SR8 e(?ﬁe‘igg%@&@ﬁi"ﬁggﬁi' rﬁ‘ Apstaeline %m@%wckﬁéyma.ﬂmgﬂm ner
basi cal |y CQREroFS p8fviththe Sat@f diiut il b%thD b ALRim4&4] dyl

paral |l el and arsi ngl elsecondary' i\f\n& néﬁ{}@%ﬂfﬂ%l@é’%@%&ggﬁ/ﬁ@gggﬁfélt@bﬁs:ﬁ-ée tied
to the high voltege ageCt bnitinap tofthe il desirer veltgej the ¥diesdcends dn & Raéordde '
step-up ratio becones ,1: i nst ea -tﬁf 1: 3.in an auto-transfornmer

configurati Jhrenstie S‘é’@‘é‘bﬁgaﬂ’“ o g switchisaates, itegsfeingthe spasey on Clpank
that is t he@nt%'h?ﬁgﬁﬁisﬁﬂrﬂfottﬂ r YoB"wheh & d%Pﬁ?c%y érr&gpe%etaif %8 ﬁg}’ghrﬁegg 0

pul se transforner). The transter tine trom I'S "appr oXi nmately
ns with the tmasformeetasicadlyctansizes of th&2 oheitng pRasK i “whidalgs” 2omattdd #s t he

vol tage build n.C2, the volt-second product of the third magnetic
switch LS3 ipéfailéﬁ?%éﬁf’eﬁ%aﬁemﬂéaﬁl ndipg’ r Bhesscondagneamdpetphig tied to thehighge on

@ to_ agggregggan%ftee?@m]@ of Ehlfbﬁﬁaﬁés‘léithemg réshft-thdd Whe SRPURLED Hagngt qace of
instead of 1:3 in an auto-trarisformer 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 pulée transformer). The transfer time from C1 to C2 is approximately 500
- nis 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. Cunent from the bias power supply V1, passes through magnetic switch LS3.

It then splits and a portion of the current passes through bias inductor L5 and back to
the bias power supply V1. The remainder of the curreht 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 1.2 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 VI, passes

t hrough nagnetic switch LS3. It then splits and a porti%g o] urrent
passes through bias inductor L5 and back to the bias po ? 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 power supply fromcurrent through the pul se transformer prinmary
to ground. siBeatheibiaimmivear supily Mdpesates doseo ground padentialtasiopppseditethaiur i ng

the pulse in the SSPPS 12 .0 1 2Q05 since the hias_power,.,supply Vi

oper ates cl B%tﬁn't"ﬁs'g?mﬁ‘?ﬁb‘f’%ﬁgpgﬁ "Yqﬁg‘c:%‘ﬁ 6@@8“???9193%&6%%&?% i al s generated
in the SSPPS where the bi-as connections are made). The CO Cl_and C2

capaci tanceghae, (948d €2 QhaditaRbdORE nftide Rp'oTaliinbep of yﬂﬁmﬂ)’b&??ﬁw}‘/kh&n

capaci tors nmounted on a printed circuit board with thick (6-10 oz.) copper
plating. Tfitmpapasiter neounted dn dyrintodciseuit heauhwitls thighk(@- g copper platigar ds

Kk lindrical . i t k. whi.ch feé | indrical..b
Bot h 1 he i §he Ported gircuh BogRb invedee et U et £ bard maRE p S Tyl
bot h G E6 AR ,
nduct ance cARRRS! QR |chAEIBH WiLiRchebisRE boAhe figh b0iibe 08 Bubie

conpr essi on ty ‘of the pllasma pinch n the DPF Ttself.
The total caparktion: dn furh 2G@yaathvCindacn@lconéctondhionmed whidhds inppartant

ita i C2 is 1.33 1tF. The CO and it . 1t F,
e b e ks and e bl oS S D IR IR ) <oy
Roeder st ei n-p,g t&m%g?cgaﬁ foPeq J&el%m@@gﬁeﬁ&%ﬁ: méwéﬁaw feheee

(é"ect i ons of "Capacit stac In series to achieve t overal | voltage
‘rating sincg 188 prol THROE0 and i ecapacitrsiarey0.bF 6OV mpatitas obeined frang
about 5 W The C2 capacjtors are 0.01_F 2%0 V dc ,c%n&}tﬁ, aﬂ% from
Wna or Vi ¥eadorrepchias Yminin GeraanysppXi Rerstaindn s (Aot T
switches. The : | FofME, ' ; ot ed
earlier, 8 S%Q%Cﬂ%#% F@%’hgv%fg%ﬁéegécg?e us%ggiﬁ%&%%% eg(r?lg%&f(%@? ﬁ%ig'e‘%%gThe'
SSPPS ser i egveialidettagy atiak|sinbdGRe vditagdO the decnidaryfofahe Bolse trarsfopuertis nunber

R6221430. Two di odes_are used_ for each IGBT‘i'tch, resulting i t ot al
of sixteen phewiky. Tosideapaciorgaes 9-01 g 2009 &?P‘PEO%F%%%&H@MWMUM or

made with 1%r 1§h§y Rhoediidl %hé’\émg]%itches are 1400 V, 1000 AIGBT switches. The
'. actual part number is CM1000HA-28H from Powerex. As noted earlier, 8 parallel
IGBT switches are used to discharge C0 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 paraliel 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. of 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” 0.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 ona 9.5”

 O.D. mandre! using 1” wide, 0.7 mil thick, 2605-S3A Metglas from Honeywell with 0.1

mil thick"Mylaf 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 Ceranmic Magnetics of New Jersey and is nmade of CN-20
ferrite material. The toroid is 0.5" thick with an I.D. of 5.0" and an
O.D. of 8.0". Magnetic switch LS2 is a single turn, toroildalUlr2(@tor. 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
in between | ayers to an outside dianeter 10.94". Magnetic switch LS3 is

- also a singl¢ud Wi L dal: | T net i ofe is tape wound on a
0.5 oD minaare nhREGaRR s MIRHFYOloe, S8 SRR by dX G aregislFre,

Honeywel | wi ¢dre.OE4ch o the tiive iraldfbmiier a3 ds taBe RRIUNE @R ol BYEHSh (PDAMAGLE! de

di aneter of 10.94". 13 01 JUN 2006 The pul se transformer 1's shown at 406,

al so shown ifZusing Pavides Ohmilethioka 6055 hAMetgs8. frdfa ttonefwelh evith 0. Eenil

t ransfor ner ¢ s tape.wound on a 12.8 inch Q.D. mandrel 422 usjing 1"
wi de, 0.7 mﬁ?‘?‘ikﬁl?lﬂ?f “?é‘%g‘%%ﬁa"%ﬂﬁaeé%@ ?I}B‘HFIHB ¢1 of 46570 Hackiaf the hi ck
W/l ar wound ihfbettgiquega}&ﬁ%rsﬁ an ) di tar. Q; | T = f the
~three cores 418 are ring shapg%éa’%%sgh%}ﬁlcqeﬁnqﬁgﬁrﬁ%%{)%ﬁﬁ%%l&ﬁg%lﬁp

havi ng hei ght'inchf FIG. 1 Adhan &xial crbss sestiamslaxihashooimsthe phgdit) arsk@intdhe How ng

t he physical aryangenent of the three cores and the prinmary and secondary
"wi ndi ngs". the dhres ¢ Of%ea"ﬁffhr‘?a??maw seronday uayindings’e  Feelref the primano
circul ar ringmdtd@Acal 4285nRal : rel nd. rlhike spacers
424. The_secondg%g. " wél%éﬁg" |sf%:cgﬂrrp“&€§'g%ﬂ%frﬁ1 ﬁ&%%gﬂ?gﬁr%mlgﬁ%@%(ts
426. The tr aA¥fandmed-lisp spatesi2dn Thepetonchapetiwinliic! & confprisbabf 98 citcdldpear
accel erator aswdbeoicrb%ﬁﬂ_gi n U.fﬁ.ﬂpPatent No. 5,142,166. A high voltagde
current pul s@F5 Q!¢ & USPSIRENGT ORGrHEs Ay 9 Pringinat similay 40 thegef milineai n the, -
secondary " WcRbkfAgh; | ] priary voltage. The.result -
is a voltage genlg?)é"taes?&leﬁﬁ%éﬁgﬁ %’?&g‘%’gﬁy | \quﬁ%r?ﬁ% {\ihl% \?/olﬁagagu:gezyé?ugawal to

three times thbghpeiprimaryvoiindppish uhdee Buloltagd 7ie8 ihle! RVbNMAL dgndibgle Of
- the secondary-winding is tied to the primary windings a four-fold
t r ansf or mat i RPN £alto theprimary yolteee: r Hhestesultris 2 veltageiggnerateidan theBi as

i nduct ors L3.a h rai i ctaqrs und: on a Ml rnal | oy
magnetic core. ng’gg} %” (r:%dr%e‘ﬁ g?%uﬁg%gﬁgeemesa RBVEREY %9143\/8? é&,ese'a U D
of 3.094", ainte thnlo@ Witape sieXfbhe sddadagindiugefiedio thh erifnPwirilings a
a-430026- 2 ffr‘on_}%oup Arnol d., L _
- four-fo transformation is provided in this “auto-transformer” configuration.
__B_ias- inductors L3 and L4 are both toroidal inductors wound on. a Molypermalloy
magnetic core. The specific core dimensions are a height of 0.8”, an LD. of 3.094” and
an O.D. of 5.218”. The part number of the core is a-430026-2 from Group Armold.
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” diameéter. 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,F1G.2B1, and FIG. 2B2. The direction of current flow of each portion of each initial
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| nductor 13 has 90 turns of 12 AWG wire wound on the toroid for an
~inductance of-7.3 nHwhile L4 has 140 turns of 12 AWcG wire wound on it for
an inductance of-18 nmH. Bias inductor L6 is nerely 16 tgr S mmm\ew re
wound in a 6" dianmeter. Bias inductor L4 is 30 turns of 1 H eina
6" dianmeter. Bias inductor L2 is 8 turns of 12 AWcwre in a 6" dianeter.
Resistor Rl is an array of twenty parallel resistors, each of which is 27
ohm 2W carbon conposition resistor. Polarity In a preferred enbodi nent of
the present invention, the electrical circuit as shown in FIG | provides
posi tive hi phlsedd shaye hydroses 409A; K998 and 409 respeativaly thunugh thetpsimary and| G

2, FIG 2B-1, and FI G 2.. T directi of cyrren | ow0f eacl tion
“of each | ni fécandary suies of tamelgryer 406 and Bessn s Rlrp e TSRS R,
409C respechiiihyaldiiohdlelhfortid Wl dppddlth the BRAARALY cirtéie Bo®. Teteader

transf or ner and between the el ectrodes. (The reader should note the
di recti on othmiléndtealsofthanduiing thepattr pertiohef dachgedsedie oireotactuably révemssy. The
reader shoul d note, al so that, durin he er pertjion of ea ul se the
current act %m@ﬁ%é’é?ﬂcﬁhQWf‘fc&g@’%@'hg %Ortg@éi‘%ﬁ%‘%rgeé‘f’ ﬁsi%‘?\ FI G
| B so that aﬁé\ﬁ#ﬁ%\?ﬁﬁ:ﬁr&@s%ﬁoﬁ??&o.m about +4 kV then rises to about
zero. ReverSe Polarity in prior art dense plasma focus devices, the central
el ectrode is typically configured as an anode with the surroundi ng

el ectrode configured as cathode. Thus, the polarity of the el ectrodes of
the enbodi ment shown in FIG 2B is ROREeIoMYwi th this prior art

techni que. . Lt .i.S LAl £ 1] B e

el ectrodes; &%8%{/%?,8%? hie%lsbgg% sé‘% ﬁggsréh}e;%lnggllvﬁq{/&%gén gu S%Jg%igﬁf gldtag
‘Teducti on i anRAGEGWIR IkEsurtdnadingclethbode corfimréd asiadiode., Thus,abe polarity of
"“Experiments Solving the Polarity Ri ddle of the Plasnma Foc Physi cs

Letters, Volthe gleptrodesebdhe embadimgntshoyapin F%ﬁﬂi‘?&?@ﬁﬂﬁﬁ\/‘é’%ﬁ this PHPERE: r ed

. enbodi nent of ,the present i i | raled. - .| Rner ceb
Teversing. ¢ e FIGER MRS R BURRE Y llai TP RS AT oY
this Appli camd gestishdveqgpit R teh @ubstattinledudtibn {8 petformanceo (Foleexanmile,cui t

as shown in FIG | D. The basic design of the FIG_1 circuit nmade this task
rel atively seeG.Decker, etal., “Experiments olving the Polarity Riddle of the Plasma Focus,

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 electrodé polarity of a dense plasma focus

device. To do this App_li_cants modified the circuit shown in FIG. 1 to prbvide; a circuit

, as shown in FiG. 1D. The basic design bf the FIG. 1 circuit made this task relatively
€ " easy. The connections on DC power supply 400 were switched, switches S1, 52, 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 a result the initial current flow for each pulse

was in the directions shown at 4094, 409B, and 409C in FIG. 1D. Thus, the central

élcctrode 8A as shown in the figures including FIG. 2B2 is initially charged negative

and the ini_tlial‘ current flow in this 'émbodimcnt is from ground electrodes 8B to central

electrode 8A. The electron flow is in the opposite direction; i.e., from central electrode

8A to surrounding electrode 8B. Another tcchnidue for reversing polarity is to modify

the pulse transformer design to eliminate the “onto” aspeét of the transformer. That is

to connect the low voltage side to ground instead of the primary high voltage. If thisis

done polarity can be reversed by merely changing the secondary leads of the pulse
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easy. The connections on DC power supply 400 were switched, swi tches S1,
S2, S3 and $4 were reversed and diodes D1, D2, D3 and D4 were reversed.

Al so the polarity of bias power supply VI was reversed. ﬁme@b&t t he
initial current flow for each pulse was in the directions 409A,
409B, and 409Cin FIG ID. 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 sl e | .S14.0 .t he posite dir ion. Le., from
central el eétir?n-c%de _ g'A%%g ﬁéﬁ%&ﬁlﬁfgmgﬂl&tﬁg&gs .ereﬁd‘fﬁﬁ‘ﬁh? oplyafastguet 3 or
reversing poinarease/inivolthge ratgk fian 4 Buthe boRpéisaR HhSHEprifes) s@&kfzi)co%hd nat e
t he "onto" ?ﬁ%ﬁie&t of the transforner. That is to connect "the l'ow voltage
side to groutffnst ead 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 01 JUN 2006 transfornmer. This of course would nean in this case

t here woul d Applivahts’ expeaiiedts litfve dend | . [ 4. But
to conpensat plf);mot_ her [fori.rrary' sect}ﬂgggﬁﬁgmggﬂ@h%@g%&gp 'i'caeﬁl{sggpu}tmg
experi nent s ethéfe flangerint palaktyme Asu ippoim GimprovemelEs tthatr BRLibhizagon f F OM

this change Jjn .- rity. | nporta | nprovenent i s that pre-ionization
requi r enent sljeg"rug&lé%ég s e e@ﬂ& W@gﬁe%’ﬁ’@%%ﬂb’ glminated; Applieantschelieve
Appl i cant's hhisiigpovel peFormBEONREHPEHHY L ol Low. cat hode
type effect resulpti n_gbf romthe holl oé’v%p@?%gﬂﬁlg@étt#}%f%g{%gﬂ rl'n%?rpgl?e 8A
as, shown i rhatlow pomion/gctbe dpppftdectaplel 8.4 2t shoWRARLFEFEDAS WREGHinafd OUS

condi tions, Aébgiég?%tlitg%/ of ‘ﬁianc‘s?(efs i.s better than pinches produced with

the positiveé Centt al er Serryaundssvapeyscondiions. the qualisy of nipghes isibatierdlaames i n .~
EW out put gifibes ueBd Wthae Woshi . Energy, Recovery.ln order
to inmprove the ovg?(gill efficie c§ tv%ia(%;1 ou%%%&%&é%n%or%rﬁybsré }féﬁmpﬁéﬂg‘ﬂ‘& focus
devi ce provilB&sasesm BH¥ eptputecoddreyupto aboptih frtdraf pyb.se basis of electrical

pul se energy reflected fromthe discharge portion of the circuit. Energy
recovery-is achieved as explained below by reference to FIG 1. After the

di scharge C2 is driven negative. Wgp Jhp ScfESMT S, LS2 is already saturated

In order to improve the overall efficiency this fourth generation dense plasma focus

s,

device provides for energy recovery ona 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 diséharge C2is dﬁven negative. When this occurs, LS2 is alfeady 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 L.S2 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
C210 C1, C1 then has a negative poientia} as compared fo CO (which at this time is at
apprbximately ground potential) a_nd (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 CO0 to C1 bringing the potential of C1

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

- The reader should note that this reverse energy transfers back to C0 is possible only if

all the saturable inductors (1.S1, LS2 and LS3) remain forward conducting until all or .
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for current flowfromd to C2. Thus, instead of having energy ringing in
the device (which tends to cause el ectrode erosion) the saturated state of
LS2 causes the reverse charge on C2 to be transferred mﬁnﬁm)\lgﬂaﬁoack into
Cl. This transfer is acconplished by the continued for current
t hrough LS2. After the transfer of charge from C2 to C1, O 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 |
continues to be forward conducting due to the |arge current flow during
the pul se viwbstantiafly §lLie enexgy is resavered om Clo nslirTibe B@ste €nerEs I PrEPagASdf r om CO

to d bringing:the patential. of.C | . . about _ d - ]

hogative porasRaCopb ot it et Rt n T red e, ROR BRI 2

transfers bagf okgné&% the BARS pBWer QAL iﬂwafﬁfnk c%l‘ililﬁt SothpHiskY iRdicRsiUCtp@s (LS1,
re

LS2 and LS3 in forward conducting until all or 16 0 1 JUN 2006
subst ant i al dofidaitdte tivde @ik capplédstor goundcadeson raversalef e polasitywlsE@ asther gy i s

ted back_int ) i ti i-th ct, ' [nitial st d
Char ge. At AL oppropant fee beefing o it Sh)S o ERbiniel BedaiCd i *
I nverting C&i&rﬁgé& a &M FdvatdAPof MR \hkEHt ik idduRf Ll% dggdflﬁgtsﬁth%@?& r%%ltc oupl ed

to ground causes a reversal of the polarity of _ result o

resonant frat theemkigyds técoveredcbynthk fpartiad Irechafging nfj08g Dierethee, thelen@@yci r cui t
as cl anped against reversal of the current in.inductaor LI, by diode D3
with the newmcbélﬂlqrmsFH@ﬂ“lghé“’e%Wﬁ?itor g6 }oélooqruﬁge g‘ﬁ‘é"‘ﬁj&? ﬁ/rgﬁ:ovpée ar gi ng
of CO. Ther gfior: s 1ld have: contributed to the
_erosion of %ﬁg&ggé%ﬁ%%‘gé%ﬂ%@%@g;@gﬂsg‘g’lﬁ?% tS e charging requirenents
€:for the following pul se. Inportance of Qutput Switch As shown in FIGS. 1

and 1D, the pul se power system descri b&g in this jnvention possesses an
output switch that perforns sel/pafanesokPrBHESWIER s switch, LS3in the

figure, is S |18 o} ' S , ngtd Mdch. As
explai ned BapeiniR HOSTT OO TAIER I Rhokeh Aipe RSP AT G bt
hol d of f cupsRedses hwvumpit sWiech thagpaforng seterabfiinctiarss elhinswitch, LE3iinhect or
saturates at which tine current flows for .about 100 nanoseconds. after

whi ch the bfigerecisra sairable industarsvhipla weieies fo s 2 Bragpefic wuitdy 5 explgingde eyt

pul se whi ch,at . S;ekbpiabd Py BETREGkry %08RS R0 WitidIPnblaIP cRREPAEW didies” -
" beginning 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 appliczition 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 puise 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 operati o&gfq@pg urce
at -high repetition rates. Although sone EUV sources have be v Hgged

wi t hout such a switch, their operation at high rep-rates can be erratic 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 pulgsult,Ahe 566 : 0,.s_.exi sts between qut put

pul ses. Wth nmany of t%?@ﬁ@?‘@é’ﬁ%@"ﬁ@ﬁ. gh Fiyaatglﬂﬂﬁﬁ' '&Hpn?elr Hieeeh  of
this inter- pdhescthsaecangry isolt dufficiene. Becasbe ey brehdd ogésstié.‘&aﬁ&ﬁ:fﬂg}ﬁt
storage capacitor ., Thus, even shorter_ tinme nmay exist between the [as

pul se gener al g tstr tancalso, pe ade va1ategdn dhe bregkddven valtages dedding tocRgaCi t or
(and al so t Reriafiak s { feh,exji.sts to isglLate the two).

Pr obl ens thelir;la(()axiaiggl';:;1 \fﬁgﬁetﬂ E?E%Ween%%& _veés.?]lng %?%S'mcapﬁ@ob]%#ﬁﬂﬁr om
the | ast pullghogrephyoapplibation afide repe@vestakili V, i.catl in
anticipation of the next -pu"lzs‘e)."‘As@g%N 0?) %ﬁaéﬁo@n@g%ﬁ%h@%ﬁce may
br eakdown a@Wﬁ?‘@r@fﬁPﬁ%"a{mﬂlomr-th.an-.nor_mal vol tages when the
recovery is not sufficient. Because the breakdown process is statistical in
nature, there ‘can al so be wide variation in the breakdown voltages, |eading
to large vdtieatlvantagd of theoslitpd sRUERUL | | S: es
significant probl emsgi nthe it hogra%ﬁ;%%%ﬁ%ﬁ%%&g%ﬁgge;gié]hg&%;;ﬁg?%bi lity
and dose coRFHEMM sexeipl fynqtiops mhich hejin ite mlindnate fibis iPSURCESS Breffifire Abad The

advant age of L t ttceh . LS3 in.the inyentjon described herein, is
that it can perg?%#mﬂgg‘\?%\ﬁ%‘f‘ﬁfpﬂFFStﬁeBﬂ?“%ithﬁ‘rﬂ%w@ba%ﬂ 3siitpagnstic kvisch ssue

of premat ur end aaliodetoqriaar\Eurrdnd rd | lon, the LS3 ..
switch aCtSa\?%gge rragng?‘isc switch ﬁgﬁsgmgﬁg?éohd@gtl%ﬁp%gé\)ige?hkfwgﬁ?rgyé\%rs'al

th ][ Fugh é hg d by the lead in llte,ﬂecanq baletotherinitial stompe 3%5&011&, Eﬁﬁwh&é(ihé s
¢ o apaci tor. 0o e :
recover od ackeBY S oSy idhiaRa Ao il perkmsetes dewsabedentionnitbar | n
the secti osectionbndig ev&s) in tHif nfalther, SRD EHH‘%P@’%@IFZ#%{JB%FF% a‘{:‘em)ved

fromthe IOaE after the main pul se generatiorn ar | | oned
to conti nuaPii§t &eenain pulse generafiorn and & thenefdre yotualtowai ! @hhyalfi SsilRad ed i n

the | oad pl asem, : . F ... hel ps to re e the
. P mt ISHHaﬁy aﬂfi_r Ompletefy 1el‘.Js(1:patecrL in the foad plasma. This helps to reduce the

_energy déposit_ed into the load.plasma and allows it to begin the recovery process as
so0on as possible after the main pulse generation and EUV output. In addition, the 1S3
- output switch p_royides isolation between the last enefgy storage capacitor aﬁd fhe
-source load, allowing the source additional time to recover pﬁor to the next pulse being
generated. This _swit_ch allows the last energy storage capacitor C2, which we refer to
as the discharge capacitor, to begin charging as soon as the 1S3 -switch isreverse 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
Vrep-rat_es 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 rnaximurp value). The switch then allows
energy transfgr from C2 into the load and remains forward condﬁcting 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 _
output. In addition, the LS3 output switch provides iso i en the
| ast energy storage capacitor and the source | oad, allo&?%dg$%gmggﬁrce
additional tine to recover prior to the next pulse being generated. This
swtch allows the | ast energy storage capacitor C2, which we refer to as
t he di scharge capacitor, to begin charging as soon as the LS3 switch is
reverse biased after the energy recovery process is conpleted. The design
of the bi ascabpressidn cifduitcinddompldtésetbe cydeiby mversa bipsimgtheakShewiich agaliol y WI)
.can be ‘devel.oped.to allow, |LS3 ecovery i ufficient tine. fo i ng of
C2 in the nbRse ?é%aﬂﬁwgﬂggﬁﬁﬂ£§§ ﬁ@ﬁé%og ?%b&$%E%§EO A %@@ﬁh kHz.
The LS3. swi fehé5 i&REbinRisad Beduifg ddwh BietihGely (SBEsthe BB swiheachdwg in

t he formardbﬁ?wggf%on,- t owar ds tﬁ% Ioag) uptﬁ%ﬁl the tinme when it

sat ur at es ( kaldtdibe voltageom OR {6 thedod®ds its maxi mumval ue). The switch then
allows energy transfer fromQC2 into the |oad and remains forward

conducting until the energy recovery cycle is conpleted and reflected
energy is rd&soceraes fat Ew%@umey gy s efHaldy mve to gxiend fﬂﬁ ﬁWesWﬁéPilﬁ&hgfmt i me,
energy fromthe Dbias Gi{Cuif is a I t Al H Jilie 2006
conpr ession® e“:({ﬁnfeta‘?c‘uﬂd{/ COHBT oggp%%hﬁg?}%ﬁ?%’ ‘@gseﬁgé\}%??@%?%";‘&n%k? he L[S3

swi tch agai BnporkdhE SinbdHhR tinSe BAGOADpirISRAKHI] bebeme gt giuel shéridc2 can take place
again wi'thout the potential issue of the |oad breaking down prematurely
(since the LS3 switch.can.now —i:sol ate the voltageon C2 fromthe |oad). As

Yep-rates f SO e event | y.Jhavwe t t . to 10
(ki o oraiossiatt 1EFo R E B R KB errcfeeh Andrnal fRuiRG
becone even upce FIGTRY {RMs thépdl§shapeoh bafacidaC IRt adiodsIRseledttddebarb e
that nuch shorter. FIGS. IB and 1C show test results froma fourth
gener ati on Fl@sHAswshmeanred pipto divde signal witlcXenomassthe agtiver@8spul se shape
on capacitor C2 and across the electrodes and FIG 1C shows a neasured
phot o di ode signal with Xenon as the active gas. H GHd TEMPERATURE ELECTRI C
DI SCHARGE  EWV X- RAY Di{GEEPERISH ATUREELECTRIC DCHRRIGED! e, 1 ong-ife
pul se power system described above can be

IR EUV X-RAY DEVICES

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

utilized to.provide high voltage. electrical pulses to a variety df extreme uliraviolet or x-

 ray devices. These system included a dense plasma focus device depicted in FIG. 24,

conventional Z-pinch device shown in FIG. 2B, a hollow cathode Z-pinch device shown

in FIG. 2C, and a capiilary discharge device as shown in FIG. 2D. In eachcase the light

é\ : . 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

SouUrces.

Dénse 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.
tn 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
piasnia current, forces the plasma generally upward then inward creating an exﬁremely

hot plasma pinch just above the center of the anpde;
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utilized to provide high voltage electrical pulses to a variety of extrene
ultraviolet or x- ray devices. These systemincluded a d%@ﬁe@ﬁﬂﬁﬁﬂﬁ focus
device depicted in FIG 2A, conventional Z-pinch device AR | |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

"Z" pi h E Th [ [ feat f
Gonse pl narm s BamRS SHRinEE ARG e doR Ul iISE pRwergystor akon i EGrbBeTOA,
cat hode 8B adesemeSpleelhﬂj’r fétGhis ighesdurddito pRIdus §2 Pghﬁ,@s m‘ﬁsﬁtbﬁsw volts ith In

this case whe gh . voltage is applied a discharge starts en t
cat hode and PY %e ‘Hﬁ'é%qf ﬁﬁ!ﬁﬂl@oéﬁ@b@tﬁﬂ@nsd?mfedd)lyalpfamawf(wlhﬂ;ﬁlﬂla%iwa 8C.

For ces gener ma, CUrt forces the plasma generally
upward t hen Tnwa a?i’cr%'e 93 Igﬁ%’%ﬁ%‘?@%@‘ﬁ?"ﬁrﬁéﬁéﬂwqcﬁﬁ AlgatA tdon he
center of th&rﬁhbﬁew&gﬂ@%m}ﬂ%@e&bﬁm ggﬁlrg»g above for the
‘pul se power s stem shown in FIG | were osen espeC| a or this |ight

source to prio&uéa( h)zShQWp alcxss-sesftionlofaporfiol 0Fa fnirtispentration phkrﬁe%lﬁéﬁ Buinons of
spark

b 100 P f bl (whi ch
qap. pr o oni 2 Atregpel byl EndieBen by B gblicanton Sichatcarporain B pilseownt
Application syﬁ%ﬁi ddsciibed BFIG29, Wy ¥tddel cglec%%}ﬂong P&rg (ﬁ%;ra[% : ef e enece

herein. FIG 2A(1l) shows a cross-séction o on

%Snfar at i ?n pﬂf-‘élggﬁteé imElG. 28y1). IfiiﬁhIA@msraiﬂowQIpb’ﬂdW?l&ﬂdgE r@gﬁbéfgﬁé J&F% L
icants which incorp e se_power stem descri bed in

I\/aﬁy of thevgglf)egfgrﬁnc%? %E@ﬁ?goﬁ?ee#%’r‘héﬁa%d%gé\%déheespad@@pgnabwerm FIG
2A(1 FI G B4 31 Ui t-he devi "
shf)vm) ng in greg'??a? ?g'?%ﬂs thepmg dfmgﬁ ﬁéé g%h &"%@%afﬁwgap
prei oni zer s electinal Fo@poatSIhoms mFﬂBﬂMAmga@d albdslghd Etvacﬂ%}grat i on device

showi ng many of the electrical conponents shows in FIG 2A(1) and al so
show ng vacuum 3. Conventional Z Pinch A conventional Z-pinch I'ight source

is shown in FIG 3. In this case égﬁveqjci%ﬁ%ﬂi%cﬁtarts

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 cylinidrical volume
formed by insulator 9C and causes the plasma to pinch with extremely hot temperatures

near the upper--énd 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, a]though 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

* pretonizer source and are usually powered from a separate source not shown.
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bet ween t he anode and the cathode al ong the inside surface of insulator 9C
The forces generated by the high-current, forces the plasma to the center
of the cylindrical volume fornmed by insulator 9C and caUﬁﬁstEeﬂ@ asma to
pinch with extrenely hot tenperatures near the upper end~o e | une.
The pul se power circuit shown in FIG | with the conponents described 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
parameters of the pul se power electrical conponents with specific design
paraneters of the Z-pinch. For HsBowlGathade Z-BimgBO volt pul ses are preferred

this -can be easily acconplished, siml | .the sa LG eirgult _as
shown in FI Betholigw Grthpdeofpt cﬁhf’Y"SrfBI)i:ﬂé‘mnéEtlﬁ MR r%’q\ﬁ\# (ré\l%[i%}r%ﬁ%atltzhe
pulse transf. ”TBEM YL Beibh i R iR A6 plodutsSaRbliov Belowi ded t o
hel p initi art’lgc"h't ee%ﬁggeﬁﬁaé%lhgﬂétggiﬁtﬂﬁgglﬁﬁgpul_se? Tﬁese preionizers may
be spark gaeasylindfielly shigddnsulstor.s Thiscdesimdczn avoids thel nopd fone peeioticemm a

separate source not shown. 20 01 JUN 2006 Hol | ow hodée Z5Pin h_Thef hol | ow

cat hode Z- pbesehseisinlarge nmmber oldon SPUONEAIC QALUTPIY TR ‘{98%9%%@}36?%? z

pi nch. The diffearence bgi 8 I ' [ i a

hol | ow bel o&?e @ﬁgwéﬁg?%%&gg‘% F%%r%aggd& Fﬁgu g@?‘?%ﬁ%ﬁ%‘%ﬁcﬁgﬁi d the

need for a QiAkRAIY Alch leRdaURe this\teispnl thisgdesipandues nof rdquirs aahigh sloliage ons

are naturally . produced near the top of the hollow region 9E gt th

begi nni ng o$witelckp fritiaje thehdischange. hi ﬁdﬁﬁhﬁfﬁﬁésif?%%‘%%?slh&“&gq’fﬁ?ﬁglﬁ ently

high level.,Eor this reason this design does not require a high voltage

switch to i H#4%te the discharge. The discharge is referred to as having
(been self ‘initiated. Wen using the power supply shown in FIG -1 to

provi de - pul $gndaqRig thepowdtisapplgshevim in FIG 1l tagirowdd pulstpawérnfdutbisalesighs coul d
be elimnated or its value reduced substantially. since {he devel nt of

“plasma in tHe lhitl%Wblﬁlﬂdﬁgotb@%ﬁﬁé‘déﬁﬁ%“?‘ﬁ%05%1‘53159F‘iftﬁ'g%d S‘ﬁ?ggﬁgﬁaabl e

i nductor L53. of .ho} di,ng of.f ' r i o | birke C2 1S

sur i ci ent 5 ERAFQiheioPRl o§ s i U RN h the GRRAEELEIbe SARSPID

uni npeded.  FRifudABlelifMucER 158 dEhldpigrsthiheryschargd astilghepedking sipagitor C2ant | y
hi gher pul se vol t ages . ) )
sufficiently charged, then permitting 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 inF1G. 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 from3 t0 9.

é . Capillary Discharge
A drawing of a conventional capillary discharge EUV light source is shownin 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. Inthis
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 ]eaving off the C2 capacitor bank and
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than the first two designs. This is no problemwith the power supply shown

in FIG 1. A discharge pul ses of, for exanple, 10,000 Vol ts Iy
provi ded by nerely increasing the nunber of one-turn pri nér@ﬁﬁénmgs 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

pl asma t hr ougd IBNSEANe iRt 2 Lich icall a diapeter in the
range of about d(ai)xi5 mm to 4 rm{)'liril‘}{tt: I's pl(l:l(%éslgo %ﬂﬁlicgge(ﬁfﬂ‘&?ﬁl&ziogoihy t he
order of - abowindings inimiwstasfumer d04 ok (RS GO E, 85the(RIRA ut 100
to 500 nanoseconds .for the enbodiment shown in FIGS. 2, 3 "gﬁgrh&lgﬁgo, t he

pul se vol t ag gmé‘f’t@dWﬁi@éﬂ?%@b@éﬂﬁﬁbﬂhﬁ@ﬂl@v&i@y tmovide clebitivil paBOShHf
vol ts. Howevgfew M’b‘%‘os’%@t’iﬁds%%i%%&Rg‘gz’rgf%%ﬁ%{!nﬁsgmv%‘fs an excel | ent

el ectrical power source w t;'é\'sirrple nodi fication is
to elimnate the | ast step of magnetic conpression which is acconplished

by | eaving off the C2 capaci tgAM@F%ééﬁg%%%MOOG the LS3 saturable

i nductor. The peak pul se voltage cou [0 2,000 by wi ndings in
pul se t r ansfAy Seseribebinfthe hadkigraumd: sectioreof this BETICARGIS b PR art 4N HuR Fo
e

elimnated w increase i.n t nitial charging voltage to provi

‘el ectrical gﬁ%’ﬁshec;ﬁk(ﬁxmglef"iwvr’r&ﬂ @E@Bﬁﬂ@ XFAYP 13 tessishow pulsg basers tajrodicel 500
vol ts. LASER WRIROBbIGHE: A WMRh ' in.the background section of this
specification, a prior art te??]%%gﬁ%& (grﬁg 56%6%‘&% & t'?gl?Fep'ﬁ?‘P‘?H’J’i"B‘FSet

light on sofdessribedgboves Prior ars eechhigues typicslty RSB ESTid SatP ﬁa@é’x’é l%ﬁ‘ch a8 (%&Wc}l?h ot

pl asmas whi gh,_ imlar to the plasmas produced in the plasna pinches (-
descri bed ag\g‘%/g.rA 'WPW‘?&&WHJWQSGFWF 8ash lamps) toipredwelvery liglapewdraser s

such as Q s\Wah&hke I _ 1th diode lasers (or flash | anps)
to produce very hﬁﬂ%bﬁ@%rﬁ&ﬁ@ﬁg;&ggﬁ%ﬂ% Hﬁ'fec%wg%@&ﬂ?cﬁ ﬁa}%eéfnabqﬂai‘é@%i ch

are focused may be thewagettargat materihls ol itehctiveyiaReatshentBRE abVe 36l ARELLal s as
" the active maé?ri %%dsnt icI?i ed above such as lithium and tin whic
produce debfPEUBM RAygeideRnis gesenogiwhielhdessaot pterduse doise Sifmé dftihese pri or

art |1 ght S@HbE &R IFHE solredy AR efsbibet it U S PEithe NS 5,%6?,@98_,8%39362 Y
5,434,875, all of which are incorporated herein by reference. These prior art patents
t@ach the use of an Nd-YAG laser for generating the plasma and the use of an Nd-YAG
seeded XeCl' excimer pi'e-ampliﬁed and an XeCL excimer amplifier for producing the
high power (such as I x 10" Watts) very short pulse laser beam for genéraﬁng plasmas
in target material. Other laser systems (including excimer laser Systems) have been
proposed for producing x-rays (see for example, M. Chaker, etal., 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 tﬁeir plasma
chus devices can be applied with respect to laser produced piasmas jﬁst as well as
plasmas produced by the various pinch devices shown in FIGS. ZA-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 i ncorporated herein by reference. These priof
art patents teach the use of an Nd- YAG | aser for generating the plasm and
t he use of an Nd- YAG seeded XeCt excinmer pre-anplified qdd@@ @ﬁsl exci mer
anplifier for producing the high power (such as 1 x 1011" t 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 Pqpil et _al, Phys. Rev. .35, 3874 _(1987); and F. O Neill et al.,
Proc. SPIE tlg‘ﬁ’,o“z%’ g betigp ffjan PEfcﬁ‘é'veDg‘BP%ﬂ)’ﬁ Rty SEYRIR! YAl PUIse ¢ he
novel feal Upgricien APRAVeGAN R T RORR 1| PRz 14 19D0APROBCER S
ﬁ%?ug elrs%?ﬁﬂm@%w gg%’ F (Py'

devel oprent plasma focus I ces can be applied with respect to

| aser produ2@eB. plizsavesageypmivensf thebd lasars hps acrmsedfradwabedt batths 1990 ious

pi nch devices shown in FIGS 2A-D. p)icants'  enployer js the |eading
suppl i er i nakow lgﬂiWéﬁs m 20 %‘HP\‘G? dnabeyt %QKS é‘?d:ﬁ’r‘?ér““leﬁrs@ﬁs? i ght
sources for_j qr, | o il : L&rdth i mer

| asers oper 3*%}%83?6§§Qq{ﬁjmcl;€ﬁ§mh?%lﬁg%%€%¥(r)e gpﬁ?'ﬁ%@? {h%i)% nm %ggiewl asers
are extrenelg,00eHzakd desciibediia 8.9, Patne ApplicsioR 40180336 ged indaipordted hdmys per
year with up 22 0 1 JUN 2006 tines, on the average better than 99 percent.
During the pu&fersBeral years pulse repetition rates of these |asers have
i ncreased 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 120 Watts
in 2003. ' Thapplitfifs delicvel bt the alatér BEeinsystontt tigentlyr incuse asuthe deaddmer gy i s
about 30 niJ. Techniques.to increase repetition rates of these lasers to

6,000 to 1bthogmphy light seseept Hfinmmand £3 m: ean; bergslapied do inspridoetema 36

al so i ncorporated herei.n,, by refere pl&can Lev _exci mer
| aser syste Y lﬂq?tgl?ﬁlﬁf iﬂhe ﬁaggggg lt‘f ﬁéeweéﬁi n%’?a?ﬁlé@%gfé{rhgg%gs%r!}gﬁtf fng %?ce at
248 run andddRabediaRe iR vaAa Il E Patetstind\patkat Spplicaiichs wWHitH Av irebfordtedht i n
the range of 11 to 14 nm Exanples of these |aser a}s}tems are described in

the fol I owi hereln b refesensar Y-S5 Rateptst 64128 33316,33026d 18441 £h 6478 1 Phensh P at ed
and Us. P Ansereny P9ReTthE 0B ol By R o0 Te Sl ARG Uae o7,
and 10/ 384, 967. ' ' 7
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 efﬁc_:iently to the target plasma than near infrared or visible laser radiation
from (ffequcncyddubled) solid state lasers. (The plasina frequency and thus the critical
_ | density is higher at shorter wavelength of the pump laser.) Due to their shorter
é\ o wavelength, excimer lasers can (if desired) be focused m_oi'e 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




In a | aser-produce plasma |ight source the | aser energy is absorbed by the
“inverse Brensstrahlung nmechanism Due to their shorter mgysgfn th

,excinmer lasers can couple energy nore efficiently to th iﬂ@ﬂmmﬁasna
than near infrared or visible |aser radiation from (frequency-doubl ed)
solid state |asers. (The plasma frequency and thus the critical density is

hi gher at shorter wavel ength of the punp laser.) Due to their shorter
wavel engt h, excinmer |lasers can (if desired) be focused nore tightly to a

(di ffracti orprotlictionedJnfopotatelyZ Readiats hen @Ry most effRG Rargt 8 as.s%siilft at e)
| asers. This increases the power density of the source- The exciner |aser
shoul d be a R8FHeHannot for alaseprproduged plagma. It praslupessadipion mistlemoresfficientye
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to generate a hot |aser-produced plasma- \Wen the proper target—materi al

i s used and Wil TerRft taeeanversion refficiennyp eirzacumany sionizatitre ditdges tdoatritutas na,
EWV radi atiq rimc e efficientl nerated. Suitable target
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most efficient target at 13.5 nm in particular not ‘for a [aser-produced-.

pl asma. |t .prulidierer mirdoratiaen onycHlightly dowéd paakanflegtancatbualagadbdndividdn One
of the best Jarget configurati.ons is.a, Jiquid jet of xenon, since the
pl asna can b eé%ﬁ'éer’ gﬁ@egiﬁte ]é‘?‘?’ yugngity epnchegitaingd- o hitkigm e advaptages n has
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‘above is used.al Ther& tqgﬁ. manuf act ur.e n}gl ti-layer mrrors have pnlidl
slightly | owStalb@yy tox sonfinsment gh partisplge if metals g used asTlaserdamgets; Liguid gher
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' The excimer pump laser should preferably be operated with krypton-fluorideé at 248 nm,
' s'im::e this is the most efficient excimer laser and since associated-optics issues for the
| _focussing 6ptics are less severe. The excimer laser preferably is operated broad-band
and ina 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 if 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 ihterval. This depends
to a large part also on the targét 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, f@[{ly const ant
shape will dynamically evolve at a given repetition rate ®e wkmmﬁmme | aser
pul ses.) The excinmer punp |aser should preferably be operated wth"
krypton-fluoride at 248 nm since this is the nost efficient exciner |aser
and since associated optics issues for the focussing optics are |ess
severe. The exciner |aser preferably is operated broad-band and in a MOPA
configuration, since.a very high t put power .i.s, needed. .The | aser pul se
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will be high. In preferred engodlnent the [aser 1s opefated at repefition
rates of 10 pkiHaposmallegipemer biser.| east at nore than 5 kHz. To increase the
effective repetition rate, one may al so conbine several |asers operated at
suitable different tinmes in the interval. This depends to a |arge part
al so on the | ' el enl.shi ts
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cont ai ni ng . f : 3 he 24
01 10N 2006 PickiBnfrd EORR] SRRk u pHislh Sion it FRELAE NS BecBimt e or b
t he mai n | a3eshopyy kisdasa plilse duration his witeshory endilph apd thedpassize suaall anbagh be
cconpl i shed by using a different, perhaps smaller-power laser , . . The
(|a aser beam ¥ kfcprelargscpastion pi theplasmaztightly degriher glugipe ithesmaig ivpldng PRl at el y
~in front Ok ' - Q.. ' - ' ' ' chi eve a focal
spot of Iesng?E%%&gg%aﬁn%%%Hﬁﬁ%?@%&@é%9?¥ﬁeq?B§§ﬁE%?ghgg%gﬁgs to sone
extent on the |aser pulse duration (10 to 30 ns), since the plasm
expansi on velocity has to be taken into account. . In short, the |aser pulse

durati on hadbedpsesysiearsdeasiisgin defaily maheghoye ideptificdexqimerigspgRatents apd o

| arge porti ), ' . 1.0 I ' i '
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nanosecond. abt& 0.p@rordysst ks stedits fdeasing W slghater mitrontspel. dhowewer, desti f i ed

exci mer | aser patents and . . . :
laser system can be operated broadband 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

KiF 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
é © 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

%, These experiments

output/laser energy input) occurred at about 2 x 10" W/em
indicated not muéh 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

107" Wiem? which is in between maximum efficiency and maximum output.




'pat ent applications produce a very |ine-narrowed pul sed @qs&gﬂm& l'ine
narrowed to about 0.5 pmor less. This permts focusing to ter
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wer e not rru%lf different, fromthe 20 ns pul ses of Applicants enployers'
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spot sizes i .ch moul d pr.ovide.i.ntensities of
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output. 25 11 JUN 2006 The energy of the |aser pulse is about 330 m}] so at

a conversion, efficiency of about .006 the EUV pul se energy is about 2
ml/ pul se. Aﬁ%’@@%ﬁ“‘h‘?@%@’ﬂr@%ﬂ@ﬁs fugre EURUiithograptiy utacbimeohaveldesites] 2

Watts. About : ; ' an he ted and del.ivered to an
i nt er nedi at gof%cﬁgvgfggﬁsgism%ét%? H)nIE &f-»l Eo %Oég?q(g%’g? ﬁbant‘BEeﬁ'HSqLB yyocus S
descri bed heneh as loSatidnhH wRIGa0e Bot ﬁﬂl@qﬁ%ﬂﬂ‘ﬁ@fm%&%?&qe&%gj%@%t aser

pr oduced plﬁsg delivered to the internediate focus is about ts
The conbi natfoAuyre aag the iequinsmens uis deqntivgens comblevelopmvit b cotrespoading

appl i cat i oNgigdolh Sy fagclent,. j.cant s hav told that. nakers
future EW I§ll’ﬂtlci{gc?flig)pr‘}l gp%ﬁéﬂn%cthlgﬂn%g’ lhag@gﬂéfelgfp%‘ger ’Po‘?‘eaﬁggfﬂp FRRpSt . BeR e of
about 45 \Miekeinien l@Botsn bkQpY¥Ed ® cdupRitnk il ehare L& 5 %ﬁ%ﬁq
location 11 in FIG 19. But this r.e)ggi rerrlgrb{t IS fo'rI é@\c;et%pl Aty east 5)
years in t reavelspgthe higher critical cdeusityniban ai solidestate lgeen tdriver devebgpfiptie of
cor respondi R8nversion efficiency should 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 KsF 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 27) 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 coupl e energy m)ﬁe (raJ:fi ciently to the
pl asma (shorter wavel ength, higher critical density) h% Ual 2006 d-state

| aser driver at 1.06 pm 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 intermediate focus of the |ithography
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several ope A
- 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). In this embodiment, the regions of stronigest emission are not blocked

by the space required for the beam delivery device. -

~ Target Delivery

{: B - 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,anda

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 mrent makes use of the fact that the EUV
radi ation generated fromthe |aser plasma has an angula@ di§tribution t hat
is peaked to sone extent in the direction of the incom J Udﬂeﬂmﬁean1(and
weaker at angles orthogonal to the |laser beanm). In this enbodinent, 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- [IABER @UASMNASUPFORTED E6Y. pINefOr e, in order not
to increase hete] rrolguction of debris unnecessarily. For xenon, a preferred
i}

“target ‘tech agng seysce hafithe adeantages withigh $mmca brighyndss (andll safray
targets may d I.ng _erqsion .resjstant nozzles. For netals
(tin and i nd@a‘%??)t’) Flloc? u(lggg‘!’rrgégsgl&ég'a‘? gﬁ?ré%}%ﬁr}?é&hq @S%f}%eﬁagwﬁéalhfosaﬁ-
suitabl e. A ovarzrilip amdisefRdedt (a0 cnbRvicoRy &r&ecf nt ed
bel ow, conprise z;blgui table system See Fleéﬁaﬁ%ﬁm‘ﬁsé plsasﬁgpfs’%%ﬂggﬁ?faces _
may be coat vaRiages ¢fedirast coupmgonfcthe electriviah eférirynintoi the phrhiamPandlbanond
coating, to & QsSi,oNn,. since io puttering is reduced. 27 01 JUN 2006
LASER PLASN&E@%ME%S W‘ﬁ%ﬁé’%ﬁ@?‘sﬁ‘%ﬁa ag@high debrs profectiogvamt ages
of high sourwalﬁm%mmagmtlissgggrce vol une), no erosion, |ess debris

generation. It has the disadvant ages of high cost-of- ownership and
inefficient total energy conversion bal ance. The di scharge source has the
advant ages irect coupli of the electrical energy into the pinch

pl asma and Sﬁ;hedfg?‘?{;‘i"?aﬂﬁ%ﬁ?“‘%en et Blastp saeivsed ey dsfing the plesma geometgj on
and hi gh del@#idch E;?,dﬂlﬁdi ive Bnd 1 1-herrml nagenent i s. The _
| aser bean(s) and the Idgser glﬁ%"s‘ g?g&ﬁé‘é&?{%#@gﬂg‘ﬂ{qﬁﬁ k’i‘i#ﬁ‘e@‘“eﬁr?etry,
di schar ge pddrBoRdistancedirrh slsnalequiodesitol the plaiinn fockl thaih 8 PAREAhales sSGh. t hat

there is a r:.[2,_"]:;1r r dirlﬁtance romthe el ectrodes to the plasma foocus than in
a pure di scharys eyt bePoweidensity gt fhe glectipdgsmfaces sinck theyatantbiedargk eatdr ode

Gencration ang § horreods Mosid Moo Ienehlll e SoAERRD: e Meend,
the mai n .povkstucedfdn thesothercheind sthe lnyait pewkOMPUNRYTEARSEbY the low-inductance
' ' eléctxic_al discharge. This ensures a much more efficient energy coupling to the blasma
.than would be available for a pure laser plasma sourcé. The arrangeméﬁt of the
. electrodes is more spher_iga} than for a conventional Z-pinch. 'fhis and the laser-plasma
initiation increase the source stability. The timing of pre-io_ni%ation, ,las'ér 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 severa] kV, peak current several tens of kA ) The
- inner electrode can be charged positive 6r negative. The outer electrode is at ground
potential. Asshown in FIG. 4C the electrode arrangement 1s 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 woul d be available for a pure | aser plasma source. The
arrangenent of the electrodes is nore spherical than foragcen prEpal
Z-pinch. This and the laser-plasma initiation increase th@cgmgnw '
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

l'i ght source that  has . the addjtional enefits of .|l aser-nplas upport ed
di Schar ge | AP TR kRVEITRE FIBHERes S GRS BEE] AP oG or-
pul sed- powegiepystemthat 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

- several teng of kA .) Th I nner el ectrod be charged Ltiye_or
otat Lve. - THBOEf Sl PRIIEtED: GBoaHied B Bif 1B 200 VB Rkt TP G 4c
the electro ate: didf.er anta Lo, ) D, nent .
The (uat er - SasT bR bxiimeralE o Bhid Hhie b Pl oghiS ol AT
i nvol ved i nbyhdodisEpioptigeinisthbcggarof the arrangemehtte adocbspootvith @ diamedé of nP.
There is.28 T |. JUN 2006 an insul ator disk hetween the e] ectrodes to
" prevent a difaci9nge dihgieser ¢np beiaakt broadebagd exeimpgaserwith £0G @Jép?i%wé of

pre-ionizat i Qe ald o O L1 QR - ] via BEzc0l sed

| aser beam k’ g%% Frﬁr%rgy’laggﬂe{rﬁﬁg lgg? P@E gegggl aﬁ‘gtssé‘?@?"“?‘ﬁ%f&%?gg%‘léécf ’ys}&gﬁ@géi S is
focused by'alsa boGusdral lapi beams Focuskd enkeat &mmbntdpet il theagenentoftthea
ocal spot with a dianeter of .ca, 100 pm The |l aser can be a KrF-

broad- band @NeRgasRenta She tagget gasi wenompragnbae piixengpesd helim.dyinsetrd fromo ¢ o

15 its puls gq&tﬂq ' reral . i Lk te ‘{Egr o be
sever al IasZIFJl eam;eﬁggruégcgr%ﬂg%%&fgﬁggnﬁg%%é%gféi%ctu[ﬁwep C r'r? gﬁ &gifd}ieﬁzihé

ar r angenent prekb@reifingRé ragpsof XOMAN DérrAThe dibéHacgeanbe opdtated dn el lefipidei S
inserted from_inside of the inner electrode and is punped away_ by a vacuum

punp. Typi c&f tepBrsnhengurys: el she dnnes elestrofe iy pulged-gharged by o nggattnhigifhe
~di scharge C%g%geﬁ,gtp%fl%%gcgl}ﬁﬁuw%aiﬁéﬁ%ﬂgﬁo égf t he Paschen curve. If the

i nner electro ul's charge negati've high' wvoltage, it can be
configured as a holl 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 plésma' 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 om-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. Thishas
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
EUV emission. The BUV radiation is emitted in all directions. The radiation emitted
through the large opening of the outer electrode can bé 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 spot at the center of the arrangenent. The gas bred§§ doin2i@Bar t he
| 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 tional sdahmiihe_me:siidbmgmﬁmﬁiﬂcﬂg%ﬁﬁ_nce in the center should be too
high, the | aser béeam needs to be doughnut -shaped in order to provide a
di scharge channel. This has to be tested experinentally.) The expandi ng
shock front fromthe | aser plas i t he radi al conpression
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channel devel ops which will heat the gogeligishi gh ionization levels that
wll emt the EUV radiation. The counter-propagation of the tw plasm
shock  f r.ont The saiatione produetd, at the eadiatidnhspal s ainitted @hifofialypints a falldd hus

i The EUV radiation is_entted in al

the duration_of .the o EUV em n.. . ) tt .
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needed to capt ' LAt ' It .toward e lithogra
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grazing i ncifdencatethfons tese nidefalynbidprefegitly tHoyarbappRéd 89 Fecdafing Rase are \'
shown in FIG ,11 A  Good. choices include nol ybdenum and rhodi umihn the

range of 0 Y8R Sructpral materal sugh gs mirkght isfegnio/saction wai lbe greparadgby
angl es. The gQll.8Lkin Y | ed.fromthese materials, but
preferably the'y"o'gr e1 %B{)Elq(l Iegﬁgsr&gggéobgf n qrgfri ‘a substrate structural
mat eri al such as nickel.. This conic section. can, be prepared by

el ectropl ating nickel on a renovabl e mandrel . .
_ : . ' 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 coilector 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 angie 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



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. Each conical section may enpl oy nore than one refﬁbﬁgﬂmp t he
radiation to redirect its section of the radiation cone in the dé€ ed
direction.. Designing the collection for operation nearest to grazing

I nci.dence will produce a collector nost tolerant to deposition of eroded
el ectrode material. The grazing incidence reflectivity of mrrors such as
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dependence BAYS 9&'@?3‘@3 opp frgmythe senterofdhe piach sitg pnd dirggieddayypr déﬁfg?(ggﬁtﬁ’ﬁ‘r oaches

grazing inci dg&&% Applicants estimate that their devices can collect and
direct the égnm rddi ati on being emtted over a solid angle of |east 25
~degrees. In another preferred enbodi ment the collector-director is

protected fromsurface contanination with vaporized el ectrode materjal by
a debris colfhecebris gpllegtorcenllestst waparired Bmegsiea fam Jhe amasispplechadesy @d ¢ can

reach the collector. . director 4. FLG. O ' . -ed - | S
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with I[ight 30 ~01 JUN 2006 rays extending out fromthe center of the pinch

site and di celictat-dimator gortien dds|costed rwith mealybrdenum qmehodim fer vesy (hagh or

col l'ects vapqgqi zed tungsten from,the tungsten ele es..and v [hzed
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col | ector - %é}@&ﬁﬁr mAinBOdInC 8F NAKHAT Snd TBYbRAHEIN e oW thed elingkpdinpbat ed
substrates. The radiation :-collector-director portion 4 is coated with
0l ybdenum emgstendiTieviaporswé bythithium amd tuagstew wily collgct bo thesugfagrstaf the
coll ectors gre. heated ut 400C which.is .supstantjall.y. aboye the .
mel ting poi HEPITEQ e?ﬁf%ﬁi’@%@“%ﬁ’%?&%? Pglaﬂgli%%eteﬁgen@fahlﬁﬁgnﬁfﬁﬁﬁm o1
tungsten. TQ -1&&&%@:&& £t Ryilil $odhUibaRflert MBYSaBoYN bff. CPA Raksten ohbe
surfaces of the debris collector 5 but ithiumw Il vaporize off and to
t he ext ent . chidedtéd dm debrisablleatoss vl repmdin deroperdianentivor 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 paraliel 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 mirrer 30 to focus the EUV source. Mirrors of
this type are available commercially from suppliers such as Reflex 8.V.0. 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 SA ig conprised of
five nested grazing incident parabolic reflectors, but o Itgﬂmiéﬂwpf t he
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 paraIIeI beam CIher

preferred desadpnshouwdd heteftas s tifoPERBcts Omﬁﬁr ge angkg dé’%‘ﬁ&? F?Lﬁ:'(fB coat ed

with a material such as those referred to
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commercial 'y from suppl |'er§eggﬁzg%ﬁl?eé | e%w §d@%ﬂﬁé§l gy angle o
Czech Repubir¥s arrpsteam df siwoti tectollnct the willir aggle Piyat es by Bede Scientific
Instrunents Ltd. with offices in the United Ki ngdom and Engl ewood,

Col orado. The 31 01 JUN 2006 reader should note that this mrror collects

only rays at angles shown at 32 in FIG 8B. However, additional mrror
el ements coul d be i ncl uded i nS|E@d¢hrEst®dddﬂmmutS| de mrror 30 to

coll ect and c ould also note th ot her

mrror el errgfrlltgéw?:gui d %ﬁ‘f}%—a{f ?%llgegod e E’f%gﬂ% °rlr:$rf3? rmﬁo?‘b‘géé?% t he

narr ow angl beamamsﬁled Thistis £ aion olliphaidadhifer &R WREh c{al'flﬁ:té"érﬁﬁ{ iredidhé rays.
or di

Tandem El | i Mnor FIG, 19 shows a preferred coll ect rector
desi gn for S‘i@éf HopRreducsd in the pkasma pisgln profiled. This is a tandem

~ellipsoidal mirror unit which collects and directs the EUWV radiation
produced in the plasma pinch. I'n nost |ithography appli cations the target

regi on needin trwsblithexpphe dpplithficrsthy tarfet ré4iBe héedfto BE m nhor
of the type shown in FIG 2A when usedé?orgclo | ect o8 gﬁé‘& ?ocus

radi ati on pfEglfcdiested elipspidal minrarafithatype shsvoin m@d RAtvieem used to collect

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
;andem 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 peint 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 the mmnor collects a greater solid angle of t source em ssion
per unit mrror surface area than the back of the minord TTHUN 2f6ect can
“ be reversed by using a second ellipsoidal mrror 44 in tandemwth the
first mrror 42 as shown in FIG 19. (In this enbodi nent, single
ellipsoidal mrrors are used without a second nested ellipsoidal mrror.)
The second ellipsoidal mrror 44 is a mrror image of the first

el |i psoi dal Applicamts adth’ fhef rayctraging ot rachBros SHBPaEd E&aﬁaﬂﬂ@? esgirchne

first minor, This.npl th | pspi ' tical
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focal poi nt cQhsdqiiently, rafﬁayrrﬂjrﬁcrx coddcibs ued @0 dbtethimet tha gropestidsi @isthedal

mrror the radiation |leaving the second focal point of the second nmirror
i s annul ar diationeoHeatedaridinaving thetandemaniaronu ThasEVY radintien rpauiresspesitlosur e

uniformty is _nogw a function of .th surfage fi ( : | i.dal
mrrors and“’rﬂﬁ“‘l’%é"r&}‘fﬁ%? asé’b‘fm%%f‘%‘nordg ‘t“%rgugﬁstg%aelwglwl%% Eésrg?ﬁﬁiaeﬁ
mrror. Analygd$he dQ6mPRdd Mt the ifracduefabShdsaetibcdiipsoitfatieflecbt andibatdal
mrror were analyzed by 32 9 1 JUN 2006 Applicants with the ray tracing
code, Tr aceHRieradiatippisinet polarizahduingRefestionh Thomimer surfaeswag assumed othsn,  MvA.
The EUV radiation fromthe DPF source is ijnhcoherent. onse ntly.cn@d ray
traci ng cod®uEsmtisBn gefiechngat E}‘ e AlfR ?%@?ﬁ%@sbeﬁgg%%ﬁﬁ%h% étsioon

col lected apdolGaitim@led dic hRANHEMETdiRlon chile iSbfbiadty ik aditicstss peci al
reflective surtfaces such as nol ybdenum or ruthenium "This analysis was
(performed isnddave. Theseassumpionodo hétaketradidrom the basisahilinof thesandampairmete;

el lipsoidal reflector, and that the radiation is not polarized during

refl ecti on. PIefICERUNHPIIE ARRUAIEXRISUEGIREOhd to be pure rutheni um refl ecting
at 13.5nm . Also, the source has been assunmed to be a 50 micron dianeter

disc and th t he radi ahiqQn I 8. l.cal: h b Oy Lis
surface. Th gﬁ%‘ﬁﬁ%f’ f%ﬁgmﬁl%mn%ﬁp%’zﬁl g‘@’%blfcirgéﬂrlﬁy Stt%géabr%gi’% %gg ??(l% ;’/Iﬁ Jg? *SE he
tandem mi r r Qiavé fhe sife PfnetersiNThelr Mikoradias iselpnsuand theigfooal legie igEdnet ry

of the tandemellipsoidal mrror is illustrated in FIG  19. Bpth mrrors
-+ mm. The mirrors are each 100 mm long and have been cut through their minor

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 pointof -
the first mirror is collected and re-focused at the second focal point 11 of the first
rr.xirror. 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.




have the same paraneters. Their mnor radius is 40 nmand their focal
l'ength is 150 mm The mrrors are each 100 nm|ong and havg ﬁw cut
through their mnor dianmeter. The figure also shows a few Pa ﬁi@@ﬁ&
collected by the first mirror. A fraction of the radiation. that |eaves
the plasma pinch source 46 at the first focal point of the first mnor is
coll ected and re-focused at the second focal point I 1 of the first

mrror. The radiation |eaving focal point I 1 at 300 nmfrom saurce 46 is
collected by the second ellipsoidal phd@fiopnd re-focused at the second
focal point of the second mnor 48 at 300 mmfromfocal point 11. At focal
poi nt 48 a 1ThetephRjguaestior ellipsnidal onirror Gibicatiimdmete bém itpoved dierithphst v €S

focal point . ays _diverge t. duce_.an annul ar exposure_ area at
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detector 50 |S.s i .19 . which may be conpared with a simlar
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FIG 19 bear3:} omi Thegrazing indidlefick réflbotiRit) Gauserm SithicR Bt reli9ely Beiurguas for
' r ,fabtication have been inproved over the past few 10s of

el lipsoidal mnrro I

years. The stﬂrq‘li:g 4 ths mirrer tosollerica geasonabls solidhenghe sntfended dfeorh dhe attireé.y t he
requi r ement sybrsith ' ro. r hness,. .and t terial, of the
reflecting surfaceﬁ?’glr%ﬂ% hEI r %ﬁ%gg l{llgﬁ%ﬁg OPeeai‘b‘ﬁr.'cyr—%d}?‘e emptgrialshave

been i denti flistedl. as possi bl e candidates-for the EUV el lipsoidal mrror

surface: nol ybdenum ruthenium rhodium and palladium These materials
have rel atively high grazing incidence reflectivity at 13.5 nm The

razi ng inci : l, Yy \ mai n:.hi gh at .relatively.hi angl e
SO e oW 1t narRse it Sis aREfabibod A L SR Deftotied. FhSH, B il isdnle thion ¢ ne
source.  Thdwms tte iy figunetolf drd desirdtbmiredie THpRARS thERbh&e! fsdhaehbigigpcy of

the four materials .listed. .
‘ 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 mandre! surface. Although the present
-technology of diamond turning is very good the surface at this stage is not adequate for

- use as an EUV miror. 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 mandre! 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 ofprocesses. First, a mandrel
I's - made that has the outside figure of the desired mrror. Typically, the
mandrel is nade undersize using alum num and then coated i@ el ectrol ess
ni ckel containing 15% phosphorus to nake the nmandrel ovepg il

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 Comng Netoptic with offices in Mrlborough, Massachusetts. This

typically |eaves about. 0.1 nmof nickel o e ndrel surfagce. Although
the present eleciRrBrbygke s ‘GFWE%@“HFWW&HW& gﬁéﬁ’r}ﬁy‘ﬁﬁgﬂc‘f #?n%&'ef"é_tsedgt this
stage | S NOh-GafiiabEiicdh etihdil sl e dediofbiifed lckeL i FOMLihEGAERG. Can be
accurate enough tor the tfigure requirenments that iInclude the deviations

from the el ktaps withitheseledrderniedaritieel shdibiokforn dhe mireorras itslides eff dlie vickelsur f ace

but the m cro-roughness is too high. The dianond turned. surface nyst be
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dictated by t.he properties of the reflecting material being added to the
surface. AfBP°the reflecting coating has been placed on the nandrel,

ni ckel is electroforned over this surface to a thickness of about 0.5 mm
The 34 01 JUN-2006 el ectroformed nickel i's renoved fromthe mandrel by
(applyi ng force along the axis of thAligamgrel between the nandrel and the

el ectrof or ni.ckel . e r.efl ecti.ng,surface S W IRY of or ned
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hi gh phosphorus content acts as. a natural release agent for the reflecting

surface. Af aemopticaldenth with atseurceplaved afrtheesarerlopationes et BPE ELRM sonsce.
‘mandrel re-polished, the mandrel is.t ai l gkl e t ddi t i gnal
s § RSt U8 et 25pRRSh B drlch FRpBR Bl 4p Bt . 0P

detector 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

sécond focal pa.int_. 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 mirvor. 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 alorig 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 tandem elli psoi cﬁl g%j@r g
Al'ignment can be acconplished on an optical bench with a Jo eﬂ@ aced 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 mcrons dianmeter, e.g., can be placed near the first focal
poi nt of thi thklplgageerddi@idy | e N ri.c if the
detector is at t'r?e g)e(l:]g)-_nd fﬁgﬁ%\%ﬁﬁfﬁiﬂgﬁg ]?ﬁé%gilieagﬂg%no{:‘gﬁ“gﬁ Phe
second f ocal My&pIis NRLAS Gdigal andeis expeatebip tetabodied.S@fr@r array can be noved
away fromthe focal point. Now the image wll only be symetric if the
source 1's on the mrror axis. lg@ re u’gr es positioning the source in tw
spatial dimensions. The axial (&CQ&2BIY brIeaeniPRiss focal point can be
determ ned byheBUNMigofebBolRt e d bbb ite, S EGORM.: £ 0C oint and then noving
the source al ong thejtem_rrglrﬁgﬁﬁgdtaﬁﬁ)@ﬁ%eagﬁgg?%%%gﬁbSﬁg’é@e?%i?&dmosi gnal
in the i magethe caharge pupili of the peajection optiztaridetorage tHeelr Field fhasiBEGRNthe
mrror. After-the t\/\ok%\ﬁrgrors have the entire assenbly nust

een_aligned, .
be transferrdd&o St e thepgourceiopiq, T‘Fﬁfzft- g@h desieng are desjrakisypechusothel ace

t he EUV sourgffodnity hetHel e e} flrst..m.,rrar.. The accuracy
of positioning mJé_ be eae? ﬁ?%%gt 595@()8{5@ ?%éorieapgé% ?t\?ghﬁ?leﬂ@[eépe %ql?qrﬁ’étyDPF
EUV source. arithe notiels phane ésdritivat. eTldé désiygn dontegteuplonts tHeAARRAL theenSid &F ONS

while 1ooki.ng al.on he machtl ne_axi s. Hence, the expect ed al i gnnent
accuracy is MWe ughaspniterr inignstyivs. angle. The dnel weopermdem wstresthist he

- machi ne axi SynifbR@ gkl i ndem, mirror. is not as. critical
and i s expected to?fggﬁgybgédtaﬂ %l%%rﬁﬁ%é%{lg%%?ﬁgﬁ@lﬁr?Pgﬁ ng@@ﬁﬂ’é EWW
proj ection imirpre) dhedil ¢ ithadinarntiske the teng WiTagtehsity Ritsdsia E%Ha&l?'tgﬁgt into
t he entrance.gcugi‘l of ths projection optic and to rmap the ?a? f|_e1
intensity (iP1eFeS &SRR gyer/ay theseiaess aitto threratisls. c Shisnfusthehamprevéscthe. Such
designs are ' : f Lformiy {,n the entranc upi |, though
i mport ant , if@%%ﬁ?@@%ﬁ@%ﬂ%&%ﬁ?#? ey gre §qqgnqr§fq1c§h§s FOMHE i s
critical. Thilsmitetiogonlyoneepsliesploaits the fact that the enission 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 expoéure 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 el[iptical 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 rcfléctdr téchno!ogy, 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
gxample, reflection from smooth inolybdenum surfaces is about 90% grazing angles
less than 10 degrees, but reflection from molybdenum drops rapidly at grazing aﬂgles

greater than 15 degrees to less than 10% at 25 degrees. On the other hand, é’pecial
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I sotropic and thus has uniformintensity vs. angle. The dual mrror concept
~restores this wuniformintensity vs. angle property (at least within the
cone of capture angle for the mrrors). The EW illum ﬂﬁor take t he
"ring" of intensity versus angle, break it into pieces JENcgﬂﬂﬁand
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 between the two mrrors and the final faocal g,oi t 48 allow _the

DPF sour ce malfi-layexsfipetorsdurebesn designed that provide grtleptijtyarivss inthe 1aBge ofn. At
th ' th di.at i t o | 9 |
sour ce._debr AP TR phEs B s SRR T PREHAY B AR R nflofls TV,

el liptical piniahs M 'f&roﬂﬂﬁﬁoufﬁ&dh%ﬁgsﬁbmﬂ:ﬁﬁﬁaiﬂequismthbmabmw%he EWV
radi ation. Also, these snall pinholes allowthe exposure chanber to have a
much | ower priseidentangles greatstthan abeutl&do 15 degoegs. Qihermultidayer mizps gan be

Col | ecti d t i | abl fl
Cypee_of 1 efiragtegttr al 50 bgbedttorelnes oV ela REAR sirEc P . ashin 20 Peated® |
greater rang@uhholnls Ubsnitest hiRifblé hirgdtttechnOfogidd Abplitahtshdve devdlépadl f ew

materials provide good grazing angle reflectors. For exanple, reflection
f r om snoot hvamdustedBeaton designa b smaxsmigieg the sollcteddlight Thaerpfdkese designsargan 10

ar sater t nashonen b blaSel 18, STECn REFE" Aprces e Gl e o RRLACHTIRRY honc,
speci al -36 Qdyelidis 2fide ey ﬁﬂliz!é@ﬂﬁ'i:ipfeeécg&@ﬁ?ﬁ Zedigie MpeRadipr] BReptidriad

(f_rovi de reflectivity values Iin the range o 60% to 70% at normal incident

angl es but frvdudesfrestetiellipticabitrbessandroested igeazing angd by thyperbolie meirmess hi gh
i dont angiabuti 4SiSs boinsn haeRRberae 1 mod rmlb G R e e,
Fange. up. 1o BB T e B G o
t echnol ogi ehybydLolkantrutitiaing tee vathegieoh coatedi eflipsoiial mgvare 80 ded 8 and fvor
mexim zing Eiggblg%lollﬁgé r(ta.l elnilu%]gbat-r E)grgbgltlc ttnt;r(ragrg %%Id % g{o%ide a 1500 mm
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 inteﬁnediate 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 acided 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 11B, | IDand I IE . Applicants refer to these collectors as
~hybrid collectors since they utilize multiple collection designs. For
exanpl e; the prior art includes nested elliptical mirrafg. ted
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 nminors 80 and
81 and two doubl e bounce ruthenium coated parabolic mrrors 82 and 83 to
provide a 1500 nun focal length. ‘FIG | 1C shows the reflection '

ef fi ci enci eslnonether gimbodinerst at hailtindé asf Wser ibaginganh Bé fobgsel ﬂmugget ween
about 10 degrees and 55 degrees, This design collects significantly nore

li ght than prdTrPaIdngPpeniegsof the glerodesde anomsmomeantral fasabsiot. Thtasaigns .
| i cant i [ th itted |ight.i I'lected
oG 76 o capg ST NORS aftg the BSerA RGN afl cnyErelfbria the eeriToishe at o

focus at 1500 mm This equates to an estimate 20 percent collection
efficiency. FIG 1 1 D shows a nodified version of the FIG | 1 B collector
in which an additional parabolic HEBRIE SFHELBS: i on nirrors 84 and a
parabolic triple reflection fj ane . .utilized, 1p increase the net
energy collected to about 28%%%%%??“&?@“& el_) SS athird hybrid
version al soAsdexoribéd abové debrisehidds akdinfhdfint Qehekt ‘M‘édbt}rgn iAt ﬁ@q‘m to
the two ellipsoidal reflectors) and trlllg)tv\o-'bouncg par a oflﬂ}' re ‘eél otrs,
Appl i cant s e aawdindex eansiderationh dibe erfoctrdebub shield wou’t 86p ald debrigami i ng

"of) ot g SRl AigRak RiRbn PR A RS o R Lk havea bt etime.
ef ficiency fit chowdatio Refriily 2OBE difie ¥t 13 mikd. fﬁ&ﬂeg&gﬁfﬂggg JA8E for

enbodi nent, a nultitude of |aser beans can be focuse

cor r espondi HgbrssEAR dgbrivphielde ars| shown dnl EEG 128 46 B 390 andB0A L. f ocal spot .

The main discharge follows along the | aser channels and, converges onto
the center plasma. DEBRI'S SHIELDS Techni ques for Making Debris Shield As

descr gﬁ? alRor ehelebiuiique béseliviad A PIGITROA! A0 BERARALR ddhnd BRLAA ALY 21!

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 spaccr._‘p!ate with tabs
‘matching a hole at the large end of each of the forms is placéd-ovq:__r the larger end of the
forms to separate each form from other forms by the thickness of the grid which
: prefcrabiy 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, hol_lqw 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. SA.

These hollow cones are inserted into a metal form as shown at 78 in F 1G. 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 have a limted lifetine, it should also preferab@/‘jr@wgﬁnﬁifficult
to make. Three preferred techniques for fabrication debris 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 ofthe 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 forAg 440 £ lﬁﬁﬁﬁtehoarp?ﬁémrﬁﬂiahﬁ{e UiRVEP sitYack§ 8f theihlkArss Of
the grid which preferably is about 0.01 to 0.1 nun or less.. The grid

spaci ng pr opriodtigies a torturouspath derparbetlate ayitl maltipds eddyaforpariiaulate Id eallepi th a
liquid netal ,or Ijqujd ceramc. Wen the .netal ., or ceranjc has.hardened the
forms are rEibifedhaiher adpdagsis it s shigHHSremblyGrn B camtratedof muliele e,
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to formthe debris shield. As shown in FIGS. 7A-C, a preferred-debris

shi el d can #EISHHHEMAY): ahﬁ?ﬁ“ﬁgeﬁ?ﬂ“ﬁ'e%ets. Each sheet has its own

i ndi vidual radial grille work with grille work patterns grow ng |arger for
each sheet so that when nultiple sheets are stacked the desire shape is

produced ‘as shown in FIGS. 7A-C. Mdnbtid Bippto&fonAn advant age of the
Lam nated approach is that the uneven _surfaces_of the chann

| s proyid
{t_blrlt urous pabethepieckiays fopinereasipethe sHichiveness @6&9518?'8?1%3}'@1?@?}?‘&%%% =2
construct ece St if BPRRY adiaRiakeId f bEHabi6r BIS Ebll; SEBDIOME ML

‘resistant bawath che finde and theesHi¢éldht Theomageetico fielde pref@ablyaisediredted Wi t h
excel l ent thermal  conductivit pper _that can assist in repoving

' h
heat from t PRIPSeMigulatdg ﬁhﬁrﬁxtmtyghéﬁﬁé’ %@E‘?@Fﬁ%ﬁ&%é partiglen e menvest
| nereasing f e a5t PPratnd’ aflf Pabsds So>hids abdhis' BRSRA. Y. birilike the

~ 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
é . 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 éf several

10 ps) to aéhieve 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.



sources is to apply a magnetic field in the region of the debris shield and’
the region between the pinch and the shield. The nagnet@@jf&&&qm@$eferably
is directéd per pendi cular to the axis of the EUV beam so as ce '
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 usedhé oudisef thoatrvarufaf aichaigea bhgidle ih%n@é‘@%ﬂ@ﬁel@@@&”eﬁ%&%ﬁh&o”
with large dianeter (larger than the collector mrror dianmeter) will be
nmount ed co- a59UsfPY Ofhe nmirror and plasma source. Gneerally, a high
current will be applied to the c?LJ égbi nduce a high nagnetic field in the
axial direction. Preferentialry,"ﬁﬁ éurrent 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 o

super - conduckTomy whigh we gy dtive that theplagyesit tigidie (BFR) dort drekm offvagds ¥4 el ds.

This is suff] def,] ect, nost _energetic ions to curved paths, such
dkfeithed B FYUBEY evesty

that they mss the co Z*The - high magnetic filed will lead to
a slight elongation of the plaspa q&@g*\yplswre_, but this can be
tolerated. The coil has to be nounted oh sOnme support structure. It is
conceivable, to nount the coil inside or outside of the vacuum chanber. 39
JUN 2006 The raldi us,of the curvature of a _charged particle in a magnetic
fieldis go/ePREmenihis fese Whkis WO vag Wrdeflest.a mngly tRres Menionriness wd2k an
derive that’ M@emtiﬂﬁﬂ'\}cﬂis%é%et(a?’fl\@'@g an ion of mass M accelerated
to a voltage V is given by: B*R=144( \}) "Applying this case where we want
to deflect a singly charge Xe i oB*Rrdd4(1332)0005Cqal-anpisah 18GGEAP0 Vol ts we
get a rigidity of: B*R=144(132* 1000),5 (G cm=52,318 Gcm Therefore if we
want the ion to nove in a circular orbit of radius 10 cmwe require a

.. Therefore if we want the 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 masses and energi es: require
stronger or weaker fields. The configuration of the nad@mfh@ﬁgﬁﬂl 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 driying a coil required,to produce a gjven magnet.i ¢ field can
be easily 9’5?‘&% %g@ﬂ@ﬂﬁ@?‘g DSB? ip§£)°§ﬁ§ gqrﬁeSF? %‘f“%@ﬂ? og%mhhﬁ}? %‘%rs how
exanpl es .of nﬁ.teg@fﬁf&@?eo &{egé&ﬁﬂ- SEUPRA MRt stibtube hOW @nidaPBIped is then

povvder,-formaé onéyconb body as the debris collector with an
el i psoi dal remwalied fiomnthe Goineandhe fillematetial is rampdved byarprocespsush as miblting

‘produced utjlizing one of the techni ques, described in U.S. .Pat.ent. No.
6, 299, 958 whi dihepdhg ﬁ%ﬁﬁﬁ%&k@&%ﬂ%&%‘?‘éﬁ% %&@é‘?ﬁ‘?ﬁdﬂ@%ﬁe‘w‘%‘e’gwa dis
produced th ghaa;t ef 1. efelp Y :
Chaped fronRpPASid & SEl BEhBkRGRE WA EENie BLE pRh, RERAYT00D
conpati bl e pbwstdmbideblieshieldt1OR iant agioetidrhefielKpsojded shapell oadiatiom dolblectbi- | ed
honeyconb 40 | JUN 2006 through a conical shaped form_ The process forces a
shrinkage ofliregenl 04 F16. PBshowgacapsssecindviewof tamkle SfpcampanenisaloneThe
structure n conjcal pgdi ol filler
RSP hEcs 19RRDBIC!Rd D6 Youf SFRY s rgfg&ﬁfpﬁaﬁﬁ%ﬁq@;%@)@c

material is y a process's as nelt now

coni cal - shagiesivdiene wddibnalsllipeilah slefleartas behesied hy fedustngore pfthe [lgh€ 9A i's
Qa.‘three-di nmensi onal cutaway drawi ng show ng pinch reﬂj on, 100, honeyconb

M ng . ]
debri s shi ePefasblyhar 30 slementsrare megipd within e oulside etipseidalslementc diticect or -

director 104, FEl G,.9B shqy L9SS-SEC i :opponent s
2l ong. vi t hEPEe bl g haf RS R AR Cih ue Y o tn bits RAMTRIROY

- region 100. phief N§.@,29995% THeWhaidd of natkaihal ol disernadd recdgiEing themasd dfe
nested to focus nore of the light. Preferably or 10 el enents are nested

t 9
wi thin the thedebdeshitiditpwithstand wtenseertremyalirapiolayeadiation; Aduelepgd 1ol and
filler matetial can hosen fraomth es.lis o . Pat enti- No.
6. 299, 958, Bk b o Bl Meh e 8 rbéé“"‘r?ﬁ e°%?188%g%§]§?%%8t%16%g‘d of

manganese and aluminum.

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
B wavelength range of about 13.2 nm to 13.8 nm. Preferred active materials are xenon,
é 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 i ntense extrene ultraviolet radiation. A
preferred choice is powder and other naterial sel eci&ﬁ]lj%%r oduce
cordierite conprised of silicon nanganese and al unminu ﬂﬂ& MATERI ALS

- AND BUFFER GAS Choice of Active Material's and Buffer Gases Several active
material s and buffer gases are available for generating EUV light in the
wavel ength range of about 13.2 nmto 13.8 nm Preferred active naterials
are xenon, tin or lithium These three active materials are discussed
above in t heopsies bievagabli ti ﬁ"éﬁﬂ{ : Ny Lu adi um
and silver ar% al so possi bl gﬁggndi aoggi)réllggﬁl%gn%}g‘q‘vﬁg%lg%[ggﬁkeﬁ J::'t fepralngl s are
used as t he e geedmpticalicempohents heconid avaijalsle fnicthensavelutigi g dewearorar gon
shoul d be usl_reig?as the[h%uffer as. '_Nitr.o&.en and hc}/drogen could  be added to
the pot enti alBistshanthis range, then fbe perg H_Ca!al’{)e pnd camespopding pmisgion Jiae
material . Thera@gtis | | ' enbaodi nent s
added to the di schapg%l%rgﬁéad%iﬁ tggﬂi\;eg%%{rvg agﬁeﬁ}'o%‘é gh%igo’gﬁglﬁt%ﬁgaﬁ%g%%rgogd as

| i qui ds or dishitetbtogthe ones/sebforticabede. i n 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 .D ? JUN: | £s, are available with relatively
good properties for UV |ight in%%gglr?af ‘:dﬁﬁipfnoo%%d when good opti cal

conponent s - F60BA ahiaws felatures of aqirbRefredieMBbERFNROF BB PRSeM RN in Whighe'
.then the periodic table and corresponding em ssion |ine

than this r e, . ]
literature 3&%&?@"%@%’@ Bheage Xy (maiked rinpart grd A4 trarte witht beliva)sis injesiod -

buf f er gase t i m nes s h .above. . Jnjectian

Thr ough” Anod LEAIR ARt AR ohe 6 555 Fhoop Bed Bieriss ot Ihiiasreine
present i nvelownstieam oftdatlectot-dite@6t BY EDEBSs bHllddibrS6 SRS hdlteiChnicarar t
and 14 parts with helium is injected through the anode. The buffer gas

(in this casectRRSPFeEfingdarrappaswagewaysin ling withoayeeitendingiomshe eomerof
col | ector-di . i I to conpri ses nested coni ections
provi di ng n'gfgi\%lvg%a %%&%c@ﬁd}rlgﬁg évl ?heSF - a@?(‘f@ﬁdﬁeﬁﬁuiaﬁ%agﬁ)‘éo fiter of

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 colleétor_ 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 ﬁrevents 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 pernt about
85% of the photons directed .toward collector-director 8 to pass but
retards substantially the passage of debris generated ingﬁpqnmégggkregion
which follows paths nmuch nore random than the EUV light. Gas aust ed
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 pinch _and also retards flow of the Xe activ &hgas Qflomthe pi nch
regi on i nt cofithe EUNeheasm path. éhﬁ%%ﬂﬁeﬂ@ﬁ“f‘w&gé?'ér“&mdté‘ﬁffg Phehthg gerigriofos ¢ he
debris fromthe. pikngh regi Nelgr@ct i LIy daesdokd 1S

ei t her ex haﬂg{t&gagﬁ??glﬁog ?)tgjratFI '4%(;)?' f(l:-lode‘l{;gg‘fq %gé&%nﬁlﬁd%@gét,h%? “?'ﬁe debgFalgs

col I ect or ofs 2t IPES 1064/ e mialiteSof@endigndledivel. Melhint Balsodhtrodieed ebl2 = in
collector. This avoids contam nation of collector-director depris from

8 b
the pinch thedbovermbadiment; dhaintraducest gasionphothsqycss a'g‘%&daéx‘m'éh?he f1 ow

of buffer. gas through.the narrow,pas e ' ] revents
O e bl O3 PP LSRR SEANE e Bl SRE bR SE bt BT oV
debris col | gekoie 6f a0 0015 @6 inGfe GafchTefloh Bha pté&Bueivluboliehtorr asthef an
enbodi nent of the present invention in ich two directional gas flowis

utilized tocgllectridimctooregion sethat garcBenwiiam the eolleeior directoregionds mMuche pinch

region with mninumcopcentration gf active gas in the downstream portion
42 01 JUN 25@6%%’%@8@%%% ‘%ﬁ‘ﬁh‘feg}oﬁ'thi s case the active gas is
I ntroduced through the center of anode 18A as shown at 24 FIG 18B. In

this preferred enbodi ment, the introduced gas is a 1/15 to 14/15 m xture
(f)ﬁ xenon and helium Helium Upsttan InjacticacefcddivatGas2 as in the above

enmbodi ment . _The i ntroduce as.frqm hot h urces,i s hausfed aj. 14 with a
vacuum punpFH#- 8GcShops é“ﬂ'g@gPﬁemaéﬁg’%queérscq"ﬁSMgéﬁ Ef 1?:%?# ﬁ’glaf:{ Y&l
produce a i i6R by Qe dcfive BEs. G Press@@iDthepidhaegibeisur e of
about 1 tonaﬁ(ﬁ&?éfetﬁmg%ﬁﬁgg%ﬁos?%li rgt(};’t or rgglgon so?)?eﬁat éas e?l ow fgraom t he

col | ect or diab@rt0drtorre & this érsbodiimint, gasdiaves withiavacuvm ¢haovber | @areatrangsidnch
region. Upstream. Injectiqn of Active.Gas FIG . 18C shows z%ncﬁ h{ardpr%ferred

t echni que f & helpAetebAabrs frogeibe puchsepion Eomapschuedigregion of coliector dlrector

unit 8 and to minimizé 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
é 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) tungstén vaporized from tungsten
- electrode 18A. (If the active gas is lithium vapor, the vapor will also condense on the

surfaces of debris collector 6.)




and m nimzing EUV absorption by the active gas. Gas pressure in the pinch
region is  about 0.5 ton. In this enbodi nent, gas fl ows vﬁ?iﬁq& v um
chanber 10 are arranged to help deter debris fromthe pific @%' from
reaching the region of collector director unit 8 and to mnimze the
quantity of active gas in the region beyond the i mediate volune
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 Bafférada8 vili : .mst .all qof, it is expausted via a

exhaust port 3 rrﬁénni nécﬁ?ﬁ%%gﬂﬁéﬁgg??%d@h Nsalfuc?ﬁtgai PYnsgam o C‘gﬁiﬁ[ﬂ'ﬁpi ng

speed of 50 ditactnr/& esshawn Eed2 adhmostt of {heVbuiffer a9\ SREhBY:d A CHEERRUNP

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

avai | abl e fr%ﬁ{@%iﬁ&% (FrhAUSt @aHakft By acvaeptmypumTithat skovm) of sheatypanp

speed of 40 {d S on i.s fed into nozzle t hr ough gas
) delsé$8edt absle. EG&R@O Pg%?n%?ﬁmgﬁhﬁ?‘l fg)mqs?s é%ff’l{élb‘fﬂléﬂ‘)ts@wtog

pi pe 4 running through the cén regi

catcher 6 i S8 mdthpdirsabnabwaristhe gineh Mg asPall bOhS batfeOdhsPavd €s
aligned with [|ight, rays _ext'end?n ougfi fromthe centgr o?g%lsggggﬁég%tﬁgi te
and di r ect edeplsi&rricaliertion meionfiA.c4s in the abiveemmpie;thid gaoflowdlelseleterons

id .1 t ed f _EUV phot on: duced i
Phe. bimch wieBfis £oducdd RME AT R AR Rhching; dimalprioplleciond ebaligomays
are narrow aniiraizesithe hehoukit dlRfve %?bﬁ,th% paf d96d H%tft@eﬁi gég&%@p\a(nlﬁ au}ectﬁl' o

condensat i on) t_ugq%ste.n vapori zed om tungsten ect
active gas i qofl PﬁWﬁﬁﬁtomﬁ@wﬁmutWtEU\ébemn.CMemméhﬁpoxﬁdﬁ&faCGS

of debris c 43 9 JUN.2006 Buffer gas which in this enbodi nent

i s heliumi ;ﬂe{cﬁ%%ﬁ%‘o’&ﬁ&%‘g & OB 4ht statses o idebis spliepterss soduaes is | 12

and nost of refdetivith bod agtase ggmﬂﬁm%@a&\?ﬁ@@pgﬁ&?@m%@n 10 throeugh
0] ne type

exhaust port 14 by a vacuum punp (not sho escri bed above.
About 90 percent of the heliumflow passes through collector director 8 in

the directi t the pinch yeqi d.all of the buffer gas passes

t hr ough t heQﬂlrs\g gp%[cf ?eélotgf%'P ngé{ ﬁsg’ﬁgéfg@gpyowt%ﬁ@ and exhausted toheaemespherst e,
this gas f| GushahpsstelEtigbucti8bh 19 A ' ' ion fram

reachi ng direct'or-coll ect_l(;gr g and a?gg%ﬁ%n%%a‘z%gdﬁélgﬁ%ﬁ%ﬁ%Pg%ﬁ Vg@}ol"\t/e gas
in the pat he¥¢estiNe &aq apist sines totpl ballunegasdibvaindhidisystemeslonly about 16 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 compoimd such as Li;0, LiH, LiOH, LiCl, Li,COs, LiF, CH; 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 EUWW beam These features are
‘inportant because any debris accunul ation on the surfaCﬁ ﬂﬁﬁéﬁ@%
collector 8 reduces its reflectivity and active gas in t g am 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 ternativel AR

recircul at e&ééhtpl%]%%%%mﬂ%p %gﬁﬁgpoﬁugﬁd %%g%gwsgre e??%ie

convert theafd éxfRgeoL 10y milto@00SAS per puled) twidi eﬂi‘éiﬁve(ﬂﬁ!sbrlatgthvaﬂébengt h
range. Lithiumis a solid at roomtenperature and a |liquid between, the

t enper at ur ep@sedltm@ghnmmaﬂ mosinted eatheenstregra sido af tﬁlamqslet &he hght yall

l'ithium vapor nt Q .t schar re eat ed
to its vap' tﬁﬂ]&é ‘gr?f’ag’&&g"é‘gg&%‘”g%‘gao?k’“ %g%{g’l@ Igég?nnaltﬂroduced
as a solid fbrthle'%hﬂna:l&dmb&am bﬁ&%f%pf&ﬁnﬁeﬁphﬁhﬁqﬂ@imﬁéter pThigHases it
coul d be vaporized with other forns ener such as a hi gh power | aser

pul se or byindensity enéh spotfsigenischrfivientite deat by Lameaal af gudbsa highaatecthat the

el enent an el ectri.c. dischar | f, heat Lithi.um ean..al

introduced WERErALEGIIS Fﬁ)ﬂcoé’ﬁ‘f,‘% ‘AB y thedgten ﬁ}#&‘magﬂlzaﬁo& fﬁ?_%ldbpoﬁeﬁ CH3
or their ﬁédéit& rb&:s%bﬁfsﬂo’qv}’bﬁz Wt%wagowmdaﬁhﬁaxseaba%ard@@wsl i vered
to the pinch region by neans of |aser induce evaporation of ablation.

Li t hi um et site gawegetd t¥0tswapbr pressare stchgivien teoparahskeder nounted " fromt he
entral disk in the debris collector as shown in FIG 18D. In one preferred
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effective ppiéeid&wﬁ&kad“éﬂm%nétﬁl a@ﬁﬁﬁﬁﬂattﬁrlﬁ%t} 47%@@%/\1-&%5&1@%% on

t he upstream side of the anode. The light will pass through the hollow
anode and bpas‘sai:ﬁseughb;lengamfohedcbrsmbiekBSmdmmtéﬁneﬂﬁl 17.t 0 the vacuum
chanber to a spot of approximately 1 mmin diameter. This laser intensity

The tonper b tnodndt b Ry i Sy e 1B bR gl BRI, T

threshol d pgieedl to a tungsten plate which is in turn mounted on a housing containing a permanent

magnet. This arrangement is mounted on an insulating shaft from the debris collector.

" Li metalis further covered with a tungsten mask to expose only a small region of Li. A

radio frequency prodﬁced plasma is generated in the regiOn in front of the L1 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 puised or CW mode. In pulsed mode, the
é _; 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 zﬁoms from the surface. Sputter yields over the bias energies mentioned vary
from approximately 0.2 to 0.3 for normal incidence. Significantly highef yields canbe

expected for grazing incidence and for Li at elevated temperature.




~density required is about 5 x 107 WcnR2. At |ower power ? c% ngﬁo be
evaporated at a rate governed by its vapor pressure at &i 41 0
tenperature. In an alternative enbodi nent the central region of the central
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 region is to attach the Li netal to a tungsten

plate which is in turn nounPREIONIZATEON IMPROVEMENTS a permanent nmagnet.
Thi s arrangeﬁnbgjfs mpunt ed_on an I nsul ati rjg_ shaft fromthe debris
col l ect or. e DEF gpn bepreipnized withoa varisty of differsnt techydquas eactsef whickebayese onl y

| [ b b o f d | aga i ted i
Che regi on'i SeheRciakitscton EOY Syl dHeRhn 8 REGR LR Cumer IS E Dot ot | ng
at a frequenely deivingQDseViof spakpid ing 198 nthuREAGhARe Thter Qfelcﬂ‘gger gfgRL 1 n

ei ther pulsed or CWnode. {)n pul seé rr%de, t he I scharge w

synchr oni zeddeMi¢ensshewp inkElkh 2i(2)k ThesepiRF cacheadriveh byMighNdlmge paisesihl v
sufficient. er at pl as will be conmpased of the buffer gas

general |y He‘.mﬁ?éeg.ﬁgr?ém%%fiﬁfﬂfﬁiﬁgﬁm%&“%%# f}ﬁeéoﬁprﬁﬁﬁs sRMmPIaTe dicon of
a negative byal gﬁ@,ﬁg@ ' d | o V Wl
be sufficient. &ﬁe+ [ onstﬁﬁ%t?ﬁ%%gﬁogﬁ Lﬁ%ﬁﬁsﬁf&? ng%f %flgg'g'tmg{lnt%t&f-ir%%%ap he

surface. SpukYeApplicardshovealsa dremdristrated ikatghe preiizdtionsduicaicin bé IRaed

approximately 0.2.t0 18 3 for .notma] jncidence. Significantly higher vyields
can be expe%?’é’ée frgm "r&aﬂt‘%{? Uh Uisifis e mapyvacypm vessel. ‘Ehisisa eailedamsanat ur e.
45 -D 1 JUN & @aﬁﬁﬁamﬂ%mjmﬁﬂg%' . reionized with
a variety of different techniques "each o hﬁ‘ﬁ‘e@g{f‘é’ggg“g‘g {ci al ef fect -
on EUW output. The technique originally used i-n Cymer DPF is based on ‘

driving a sef,.of spark plug type pins 138 nmounted in.the outer electrode of
the devi ceéglé’s mﬂ? ai“F?pnP?%“‘ é%@?ﬁ‘?ﬂ’l‘ﬁ'@é ar shaped em theform af \helicalgod. Aibgh

vol tage pul féingRan bériddi@idRE: Ky ARRPL SRR BRL AN Quiput of the
6000 series corrrrutgrtlor. The!tﬁgro tage %‘gﬁ‘&%“?‘fe‘%‘?‘%(’%‘t“?%%“?m@a r(ﬁ%c%d’g\?ﬁo si ng
the RF sinul a) pulsesrat ¢3 Mz fitrGrpsi, the-coni2futatdt déipRing@ither 1104020 Regative

demonst rat edpotlar}?tgf p{lgg OP{);} eimo ) irar;[pil' 12r. S\%lérhg\?e ggmpor%?rale%(iggt?];jpon (10 kHz pulse
repetition rate). External preionization (antenna located outside of the anode/cathode
region) has been shown to be the des_irt?able mode of preionizing the negative polarity
deep plasma focus. With positive polarity DPF somewhat better preioﬁization 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
techniqqes. In each case the injected gas could be placed in a metastable state by ahigh
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
preioni zation. This type of antenna can be either linear ‘ Dggagm n the
formof helical coil. The antenna can be driven either by an | at or
delivering high voltage (such as about ) pulses at 13 MHz for 2 s, the
comut ator delivering either a positive or negative polarity pulse or by
an RF anplifier. W have denonstrated to support (10 kkt pul se repetition

rate). Ext--er al .prei izat.' n ‘ant.enna | gcat.ed s:d cathode
regi on) has? nl/e %‘\%ﬁ“ﬂfﬂ P&é‘pya‘gg?&%sa%ﬁ%atﬂg’(ﬁ?ﬁl?lﬁr i zﬁﬂgr&g#%ggnegatl ve
polarity dg%&ﬁgﬁ@%&%gl%}‘ﬂwgﬁﬁéﬂmy& arity DPF sonmewhat better
preionization is achieved with the "interna " antenna shown in FIG 1

above. FIG 32 shows that the timing of the preionization pul se nmust be
adjusted relative to.the DPF main pul se to achi eve optlrrumeffect If the

i oni zatiqn i ear | h t, 93
P ot ot ooty L2RuSRE b SutliRe 16t 38Ol SR A R, 02
I nj ected GagcARRbA ﬁﬂ&&&ﬂi&%\(&h%&%@l&{ plidahts BATRSe ATRFBegsdnePbe2 BB es are

easier to preionize than stabl’'e gas. ses can be put in netastable states
by i oni zi ng td hé Mz whichtcausesadrtakdown dfithe xehn ghis s the irges p@pmrfd@matm@lv,

| 2A( 4 t h h
R e e e R S R T
vol tage di S%mﬁgﬁa&ﬁﬂ Sttt 1§§pﬁ¥d%’ l4R8Et hbA (ﬁi&rsétgeﬁéiﬁteﬂfto §pécfie nNs) or

by RF preionization. ese netastable states [ast about '50 mll’iseconds so
th a gas fldcations thé pirichHifdh@PO6s mitced. 1 m' secthere will be plenty of

C\#et astable atons if the ionizing discharge is about 5 cm upstream of the
origin of the pinch discharge. Another technique useful when xenon is the
active gas is to install an enon inlet to the

di scharge regi on.” Appl i cants%@%iésﬁﬁwp&ﬁﬁé%ﬁlgécy of 2 Mz to 2.5 M&
whi ch causeﬁhapbﬁs@t&kﬁﬂ\msqﬁowmmneﬁﬁhﬁ@@tnmpﬁmanmfeunlpgqmratmhtdevinas ively,
a high vol tage pul sed |schar8e int on inlet pe, coul d be usﬂgEh In a

S

preferred anidHs FAnge oha 8¢ mlar ¢ ass-r §Sélae{h§deﬁchggﬁp}&§ﬁléﬁn
generated t Qetp B3E 'offltﬁé Paschen breakdown curve so that 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 ! 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 fo 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.




| ocations the pinch discharge is initiated. Nozzle Assisted Preionization
The pressure for best production of EUV light in Appli ca;ﬁ?e&@f%
generation devices is in the range of about 100 niforr o J S
pressure the discharge puts us on the left side of the Paschen breakdown
curve sothat very high voltages are required for breakdown to produce
loni zation. lonization is nmuch easier at higher pressures. A solution,
consistent with the techni ques described in the previous section, is to
produce .t heApplixiangi ds@fo hdd b Y, ' ot he-buf fer
or active gas into tp_rtlglb di scharfgtgogﬁgﬁ)lbigﬁﬁﬁ%{: %iﬂcfg%ga%;yo%%?ggﬁ’ctf)?g#ons I n
t he inject yehregem deay ot @bsoabay d3.54mms eatches chrtiogumdiis akso relickeGiith

i oni zi ng radj.atLon he Lnjecti zle from inside the chanber as

shown in FI @’&%‘9 ﬁ%ﬁs‘&‘@&‘il"gé‘f’b??‘ﬁ?@a%% wprpdigally ferrshert tispenpnedsas | i ght
or x-radi at ipaft ofirdimdERfcd rc,%i,gnf,% (35 AP R | ered that EUV
optics in its prototype degi ces begome co Pg%mrl]% éﬁ%d%egg%gﬁgcs are

deposi tion. cleapedym | 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 R ?;g)g ﬁ@ﬁ?‘%ﬁl{l gen can also react with
the optics produci ng oxide ﬁcﬁcﬁ engaOes e %%‘?F%s 47 01 JUN 2006

Appl i cants propose to add hydr ogOptintizing€apuéifmee gas preferably about 20%
absorb at 13.5 nm it etches carbon and it

to 50% Th%h dr otg n does noé ) 5

al so reacts l%ﬁan E@fféﬁs""){f"? that the highestplasme temnerated exissmhen feqiladiacal | y
for short ti ' 1 of -.mai.nt enang: roqr. to.cl ean the ‘
opt i oo and Fommuavenb 8 sfinBEdushidlIhe pEICHE S LB ok iore S ceoEs
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tenperature exists when the plasma pinch event occurs sinmultaneous Wth
the peak of ﬁi"H&‘”&@ W&%tdq"fibweflﬁmﬁb phéhegnode in a given amount of time for a 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.

_ Ifa highgr 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 matchés the
plasma run down time along the length of the anode. Since energy stored on a capacitor
_sca]es as the square of voltage and linearly with capacitance, the stored energy will
increase linearly with voltage as one decreases capacitance_propdrtional with increases

in voltage.

FIG. 13 is a drawing showing the measured drive capacitance voitage, 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 Tomr 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 axxs once the pinch has been formed, and will extend down the
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capaci tor bank. For- a given anode configuration énd buffer gas density,

the plasma front will travel down the length of the anode in a given

amount of tinme for a given anmount of charge voltage. l\@o! @@dg I.SSi on

efficiency is obtained by adjusting the capacitance value ar ge

vol tage such that the peak capacitor current exists during the plasm

pi nch event. If a higher input energy level is desired and thus a higher

charge voltage, then the drive capacitance nmust be reduced so that the

timng of the drive waveshape matches the plasma run _down tine along the

| engt h of "t bEeninicethe BoHow apnde.ghsshispanthogrows imjeaeih, Hreves@allpdrops tathe

square of voltage and. linearly wth capacitance, the.stor [ il
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Wi th increaggs sollfioN R prédént thik hfé-oved nhakedusl oMt SKiew 6 rémb-a”rgmwapd

drive capac?’t aﬁ%e ?/ol t%ge, thle rre%sured ~anode vol t age a%d the EUV

- intensity vbsrsiestotthegrdwth of ther piheh leadtheortodingawaydren thehanodeapdescribed e .
properly chosen to produce, maxi mum capacitor. cutrent duri the.pingh. In

this case, fveg An q%ﬁﬁ‘@“‘é{héﬁé‘?énlé’e e g3ie of piphslepeth Lrp 8‘?@."@0%‘5 and a

C, capacit ﬁ&fogv %Q[d%, 1%%(%: Tn(():re%é ihggﬁ?ggﬁi tel insfde e ﬂ{odgh%&ir?fﬁblﬁﬂ@hé\ﬁ@m S

have di scovere w ano I gurations, that the asma pi nch
grows rapi dinFl@SongCtahd 14BK k). oideslvive e growvtthafthdpiwh lengtieahd mendnhadct

extend down the 48 JUN 2006 opening in the hqll ow anode. c@s t hi Sh(ﬁ nch
grows in | efwrh ARl prexiqasdiferatuge shogysa hallow apedf Wil cogeant (mgnsien th and
an arc-over rs : f \ '

Srevent 't ni BOEEHT STIEES. T35, 188, BAC L8 T4 oW ExRARS of phief shEp Ol
barrier to hbtowaavddshapest hepionfipuretionsiovaxindiGi D ahawys theshottdsepiachhde as
descri bed above. Another solution, to.reduce the rate of pinch I ength
growt h downshapeo the ~ hol |l ow anode, is to increase the open dianeter inside
t he anode narrow region as shown ‘in FIGS. 14C and 14D(1). This slows the
growt h of the pinch length and prevent arc- over. Al previous literature
shows a hol I'ow anode with a Fxgosédbéngth oPOsitabERetrodsy portion. FIGS. 14A,

14B, 14C and 14D show exanpl es of pinch shapes for _variqus
- Since the plasma run down time determines where on the 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 aniode 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 altemnative 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 plasma run down
time determ nes where on the drive voltage waveshape t hef) 1pygﬂf%ugpcurs,
Applicants have been able to adjust the duration of the pinch p i on of
the plasma focus device by changing the anount 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 Vs ifsi r.tai : paraneters, conmbined with the
drive vol taé%onhgiel?sél??nﬁ%ea}ltg Hé;agasgglg"?léﬁﬁtﬁrﬁl%d “f‘?‘?ﬁ‘?"r?‘hgi ctealgs yplaima-layer can
then be adj ust atl hwiﬂmmﬁﬁmg/immﬁewa%hﬁmﬁme's%gﬁJg?%g X PRSRGW sgnode.
Preferably, the run down tinme is chosen such that th asma BI nch event
occurs dur iﬂ’i’é’“giﬁ thesenter phthehellaw anede and e Lithiune stoapearridd ta theengof iy asma

i nch durati LS Lr hen t he éxpased.l ength of the anode can be
IrolagﬁcedtJ t h:fglgg ort’ gg%%é)?ﬂﬁéﬂ F‘tihPmﬁB i r’tlF'ﬁ%“lé(r?Bg'E‘au%ﬁ byghe pewe levahef thench to
occur earli ®F sourthelitaddifoy\aNe pHRRS TuBEstapgngcﬁgca;{au%%ajﬁ{a@rgegc\giﬁggs'"ﬁtﬁa'

vapor delivery schenmes descri bed above depe 0 arsing

t enper at ur e ¥ ft 2 Emperatyresuificientfor liduid repd to wickagfidn @fregtRionl S Nacdaed a
desired Ievgg %&% ttetggera ures are in the range of 1000 -1300C for
l'ithium and thf Fot A%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 0 1 JUN 2006 down

i nsi de the anode as shown in Fl GLEGTRGPEIOOOLINGUr ce 52 creates a
pl asma- | ayer drive off atonms that are swept

on and near the antenna will
up by the gas flow 54 thr ough’a(?%imgé’ﬁ@lﬂ“%‘fﬂﬁﬁwd%l_l ow anode and the
Li t hi um at ofg fééﬁé{ﬁ&nb@d‘hﬁﬁtseﬂdtg f ; alhe rate of metal io
production i _speasi Iy control e ggtr Segﬁtplg&/e&wq%ewglce ?ﬁtmgeﬁg %‘bﬂ‘l‘%’é‘g I n
addi tion, tHemmiercnsthd ymst efhatamo @5 canobE25eint afiResbntal Blebid® Hortdl i Ve
at a tenperat,ure sgfficiﬁnt for liquid nmetal to wick up froma reservoir 56

pl aced at t FAPSBERLFRTEY GHe tofslasts Exbirdeine dischargecand due to absorption of

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 rcquife a;_ver).r large
temperature drop. .

_ .Hcat Pipe _
If lithium vapor is used as an active gas and is injected through the center of the anbde
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 opergte 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

1ntegral with the anode of the DPF for best thermal coupling. A likely embodiment
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Cooling of Central Electrode In preferred enbodi nents of the present

I nvention the central anode has an outside dianmeter in the range of about
0.5 cmto 1.25 cm The central el ectrode absorbs substangwal ﬁgﬁhgy due to
the plasma fall during discharge and due to absorption of rJU n 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 | ow there cannot be nuch
cooling due to convection through. the buffer gas. Radiation cooling could
only be effective at very high anode tenperatures. Conduction down the
anode | engt {ouwldWethnhalgtio dhable\es deliveryosf liquidhqrevaporized lithiom tottkeplagpef | f

lithiumvapor is used as_an active gas, and, is injected through t nt er
of the anodthe DRfE Byivarof argrample; aa édycm@@wq%s@édcmrmr%@% 536

tenperatures. in.the. ulejeles) Ol nBh A& heal PipS hiVisdlan
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consi derat i ppofNg idchenl kgD v¥olstiagerenioving 19leWafheaewmubt haveaotdtignsity

techni que. One technqg o ver, a _lithium (or_other alkali agg%ﬁ{h)r heat
on.

gy, ho . Ot he :
pi pe, of f epE25.A&kWom e(l-’rtﬁ?/hwlffmr)- Batl phtheye pxamplemillstate heopriert
Li t hi um heat pipes begin _to oper effici g 2 { SR t
1000C. The %§ ‘ﬁf’%s’& %W@Hdgf’s@fjsc%&%ég)l{égggog yiﬁm’a I% useerﬁe f"g’é?%ér?‘gd'
metal s, mol-yReaRH TR Rcht pitas 1f Bperh@bn, Hagt $iped Ige By 4 vérgishall temparktuand can
therefore operate at very high ferrper atures. The sinplest. enbodi nent. woul d
take the fogradidnt alongthefizlengsh and pan by cansiseredias daying coqstant femRsgatale With h t he
anode of the DPF_.for best ther coMpling. Al jkeky: i ARNt -01 JUN
2006 woul d ot fsipEctcy RIRBFE %‘e}é’g?»itggr‘iﬁ’/‘\%fac P%%f%ﬁ‘-"&ﬁ%%}‘ﬁ?ﬁ’ag i thi um
(fo the plasgpyafiso bbGt e Erp¥Biirdht B aBXRTRHN°CANTS rémbVe heali fomtithe sol i d
heat pipe renoving 15 kW _wou?d have a watt density of 75kW.in2 (11.8

kW cn®) . * An camdenserent efithefhegpipeavprafpreed embodiment may yikzesediaive ¢9IBL 105 | nch
renoving 15 kW of heat | d have .a wat ensi of 25.4 KW |
KW cne) . Bota_hl%lﬁ‘; e @ hi water) JP&%&T ;ﬁf’g‘ﬁt‘ﬁst%%tt%%‘[sfegls‘%f:%@é fodec
technol ogy ?b%? OE@%IB SRR, the@Sfold high rR&C 66 Re® ftrahSfeK Wik 58 piadiblebaahe
denonstrate W t |1t)h| um heat pipesS. In operation, heat pipes have only a
very smal | tpespeaedibperating temperatures. The heat pipe would be surrounded by an annular
“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” witha 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

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

will not work af 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'ioad levels is another consideration. This may be accé)mplishe_d 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"
" (condenser) end of the heat pipe wll also be at sone te@pﬁﬁﬁﬁy t or
above 1000C. To renove heat fromthe condenser end of the eat‘gﬁgg 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 proposed. gperati.ng t eratures. The heat pipe ul.d be syrrounded by
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diti X f o £ing.the exterior of th
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t enper at ur e Heal giparmd ulmateBatisahedp can then be fabricated between the
heat pipe and the desired | ower tenperature conponents. Since vacuum has

very | ow-thermal .conductivity and the heat pipe is coated with a |ow

i ssivit ' L il . heat f i | | . ,_the heat '
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acconpl i shed by 51 0 1 JUN 2006 pl acing a cylinder between theheat pipe and
the water cddpiedasiheactiveepsand ivfeliveredintathe disvbargelchranben tireughahe t¢mershed

out er ai ametbanod 4 s St i A48 Anqts s Eha B vu i Brrt e sl g
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, pipe 444 vaporizer 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 tb liquid and fhe liquid is

wicked back to the hot end in accordance with well known heat pipe technology. In the

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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the 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
condenser can radiate directly onto the water jacket heat exchanger.

Adj ustment of the "restrictor"” position thus control s@thgjwb@ﬂﬂﬁflow

whi ch 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
insulator elenment 9. In this case, lithiumvapor _is used_as the active gas
and is del i pertiod 84t comhssedi sitsinglgerystalrtpagsterh (ayaieble ifom Mateck GMBHnode 8A

h t_440 de 8A i led with lithi umheat. pi
Compr i o1 ng. FRaiohy RRADaRY A IoMSRPa SRR PR BnBSe ) EECBAEE o,

446 of heat . Qi e PariSAd SBEaRPd bRABEB2 bdth oAl bPalfoxide and
t he vapor f?lgéxﬁfs o%? at?iﬁﬁé}{ cool et end of the heat pipe ere heat is

t r ansf er r edhirdered dopphembteriabemld yndadha tradeamedslidasp. t The oxidamaigrial itini t
446 having a heat sink surface 448 ool ed by water .goil 450. Trht%Rgool i ng
of the |it halymingpbhe eufaselectepdeds Agde imtwq RArLs QPIOVIGe WAL PESSARRE PRE®T i qui d
is wcked Db ta t - [ W KBth&less nidiPe

t echnol ogy. cc?oﬁ%ﬁ[ghtgé ogﬁ%-%gélcntrgﬁ?. ?F%Z%ﬁogg%%%clﬁﬁlﬁgae\?%z. sli degst up and
down as showRuRtorde? donsprited o€ doromsiitdidesorr filicwn datBidbas tayenAGhotialuwdnahi ch
is part of a tenperature feedback control wunit . pot own. .The, anode heat
pi pe unit afepospedionrsiainlest siesl PagsSAh aada P?lgwd%ééf Rn%'?er%@% 5%%‘%?5
mai.nt ai ni ng_t he 111 hi ug e res. | - - i SRRy Nt
when the pf“ézgﬁglepﬁ%%h vqt%eﬂgkﬁg# p;(;;“rﬁ"o u%‘%’illgﬁgﬁ: |%i%ﬁ€oﬁggé WAt gjr(
(Cool i ng of Gapik abg i TG, 20de Cilindrivally Bhajed stablessistdebphrtifiom 47 sepgrateithe
central electrode is shown in FIGS. 20, 20A 21 and_22. In this cgse water
under pr ess sugply andiefusrn flovein th%?lmeﬁ—h%afé%ﬁﬁ]réﬁ%“g@ﬁ%@ﬂ%{}ms&mgc er

el ectrode 8A .as shown. in Fl | S |5 f dRA5hAn-80di scharge 52
01 JUN 2006%gﬁi%ﬁyg‘ﬁkac%ﬁgwéogﬁeﬁ &%fegagglfgtag ‘tungsten (avail abl e
from Mateck GWVBH, Fuelich, Germany and | ower part 8A conprised of
sintered tungsten. The outer electrode 8Bis nmade in two parts, a lid 8B I

and a base 8B2, both coMbASNA BINGHhWITHRADIALIENDLI er material sold
under the t Pl eri}ggrgmgo&icrince%% of-lt-ﬂee pt%)s(énq CvBRti6h Litlizdsthe 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

' é : ‘the discharge and perhaps better plasma confinement and possibly better radial stability.
Applicants believe they can design the electrodes to produce pinches along the axisof

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. Itis 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 two parts to provide water passages
460 for cooling the outer electrode. The el ectrodes are insulated from
each other by main insulator 462 conprised of boron nitri dj@ 401 @&@ on
carbide, a layer 464 of alum na deposited on stainless stektl IJQ 3 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 pacdiRegl I - 8 nd,8A3 are hraised together

using a gol d/ n(i:clgelte%g?’ STare ngﬁ%fgﬁiéb%@é?@gghﬂ?m&rw T SIBZIE An -

50c. PLASMA ﬂithﬂﬂcNWBH!d%]hAbouRbMdP@iNiﬁ’fo@f@h?%&uiﬁmeﬁﬁl ments of the present
h

invention utilizes the pul se power features, e ‘radiation collection
features and the debris control features described above with any of the

cl ectrode arrangement - pr obt SEIRAHION HEER Lo MAGRINE Ges as compared to
el ectrode chnprefprred tentbddibiénts BGtibhabl HREVMV Ii3hi écﬁr%.zlklt igﬁﬁegtlgﬁﬁtdi%gﬁ § have

greater surface area so that thermal problens may be mnim ¥ al so
coul d be | es¥d piithegraphy v seth a3 hetepper echine anncshpenhiaPECh FART). pTRs M

fi nenent bl v bet dial stability. li cants, believe th
Can dosi an RS Bis: ey Bis\ Bl gh EoPmehiaikand dh gompizssicn best of tmgolid
el ectrodes astarelpan potveF ik artd theWabuloh WS L Rich it Na S WE R 48 s:e[]g%gﬁt ed

above a preferred application of the present inventron n %phy

| i ght sour ceshigldpnd mdlﬁt@nmﬁmtmandanb¢-eaﬂecddr@aﬁimﬂpﬁm'f)§£ﬂ ¥hehvans 120ave
not yet bee Si nd built. It is possible that illuni nation power
nmay exceed pﬂﬁlel#‘g{%qga YRAOT! SghiRment ﬂ&?‘“g’d’\g rstrepincenirelst high poltagapeveby a
single EW CreSOnHNE Bhatbér! pAl Ui : é;}g@ cribéed herein. In
this case tv'\ss/ow g‘r?em)re ELV %guﬂr)cesglé%tﬂﬁén%l: (o) @g%f}]lﬂﬁﬁgngge&qnagortcﬂghng

i | 1 uni nat i orveterastigasrrantrol)aint Jocated ihiaghippbriequipacdit elbihdtecpRbtedRsm Wl d 53

01 JUN 2006 coll ect. | ng techniques simlar to those described herein
and proj ect éﬁf{%%{a%h%??fgf‘éﬁé f’g'tﬂd&?ﬁ 1817 feparae mom Hedesized)oadl 4soshowmeat 122.
| 1'thography resishRagitim phifpSAAA ikt btebluttiwatel Han¥s Sdibated in a third cabinet 124

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 Ilight source unit is
integrated directly into a lithography unit such as a stepper machi ne as
shown in FIG 2A(21). The integrated parts may incl ude@lpm nt at or and
the conpression head of the solid state pulse power unit %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 equipnent (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 separate fromthe., Litho h | t lch could be in a
separate roomif desi rweéRFpiﬁger%%\RﬁMﬂer%igpo&ﬂ:ﬁ})dﬂpél\é\@ﬁu_m punps and hi gh
pressure. '-Wakgrglri&p&p %xgérﬁnlleél{ﬁ l%hﬁﬂ itk Tofrth ReAdlaG@PuBabe hade shviC Bubittaatalcoul d

be in the se ate room ography “unit 126 are illumnation optics,
reticle, regudeeaRionpriticlongnemvafesatidnardindigated abqedin prirgipedppesEd BROS| ON
M nim zing Erosion Applicants’ experinents with.their early .orototwe EUV

devi ce showof these plasme pinrh deviessiipdor itegrated pigendt prodygtion, ¢ TS ST LA M% have
devel oped several technigu oy ' Ltd this, | whhR! betmeds have
di scover ed &Tﬁ‘l”'%euB}?St:)%B%Pl&n%%S{sagé‘ma@ﬁ%%%@P%u@{h eg%r%;ﬁ on plasma pinch
devi ce t hat piafiRerdaResddvantmies. Thiddeforh, fochaigues mist bafdund forinarsasing elacodet i cal | y
at the tinme the pinch occurs greatly redycing the curé@nt flow %g&i P
produci ng akifétimsse Acpotential tashnique 15 10 |PROHEE ASRIKISE RAIIET BE SPYFEIDS SRLIrde

consequence_a, .second breakdown o : a@ flﬁg' ‘,q{;gim];obﬁ qode

general | y nggw]teqaﬁgntpioble Fg"k@r??&é"’neg%”"?%gs fgﬁ%@ils’%@% i( 2). Thi ggﬁ oduces

| (?ﬁ_osi on at thge Ogtde8NfeRf pidvilin® spaketeidntunsepn | wandplacer electsalet erosioni ni ze
hi s problem by providing a means for_ pronoting their post pinch CP schar ge

at a | ocati dpplibante discoxéred that panrt pulseohichyoltage d@‘@&h%ﬁﬁ‘?ﬁ@{)e? Fsehilekt a

pl asima containing.gas in_ | ower regian : € uce

Pho post _pi AEomtpevcisbsniile B Giny GhitEERS ol BF HaBorns ShodBegfute ,

2086 Sput t e REPLARSIENTHOidVRifehé ahoderiodRo the dbafion d€ mispbf thardetrode

expert ment s e\xfgstior:l. i’}'ifet;fgger, tAhpp iggn?sr. glEtaipco)ge %el;/riagi?le r:];gc\:/r(iaﬁcsiz?loevl\u{-g.:t'rso gss 3 tﬂg isa%'lle
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 anodé 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

€~ i 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
" alarger 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-term operation. As indicated above the principal
expected use of these plasma pinch devices is for integrated circuit
production. This means the. device nmust operate substantially continuously
for many days or weeks between maintenance down tines. Thg?f‘w

techni ques nust be found for increasing electrode |lifetines. f‘g?ﬂ%u al
technique is to provide a sputter source for sputtering electrode materi al
onto one or both of the electrodes. FIG 25 is a sketch show ng

t wo-t ungst e tter rces. far providing sputtered tungsten to repl ace
el ect roge epac?z&gn&lg "l%‘g# %z’m g ﬁi'@&ﬁ?é?‘@ﬂgtﬂﬁgﬁe §1ﬁ€}¥‘1d°m§1>§@ﬂ-hﬂ'§h sQ® e

driven el ectfdkoves atkih EleQid E duci ng utter Jons which
coll ected on the sides o rﬂfeahalﬁgggezﬁnwgrﬁ% e&?:%tﬁ%hrg. Oliﬁeonsf%éfufi Y& he
anode is al syriapes. lesathanfond baininated inregiine siticasthe eloéBsieqeovERAMG TR €,
Applicants RLARSSE toO provi de sacrificial electrodes of the sane materi al
as the anodé"2H#°kat hode specifically designed to erode by sputtering.
These sacrificial electrodes will be positioned so that sputtered

el ectrode material is directed to regions of the anode and/or cathode

suf f eri ng woklws, aprefirmed enfhodimern i a/denbeplasaa Fodus it thetls8A LRSS itRode
e easily replaced or periodically extended into

desi gned so that they can |
t he di schar 58"@5%8¥= but W‘ﬁ@ﬂé Acdginggdischagge aloag thruetter didmett of thel invéd |

col l ect on idpsl —%Jxﬁ | i.cants have. | eaned. that sputtered

t ungst en deposiota ggﬁ‘lgn i nsgﬁ?%l )c’)?Hgéﬁér%gg%:eelén?rﬁ??cﬁgé‘éls&BWrﬁggyFE’“E suggtor

probl em . | ndubeawhichCproamdes, Fleg ahé diigsetd st the Rks él&%d@iissﬁl@ziégﬁ?e‘&a_i %we?lct ual
educe y

experi rrentsélglhag%“é enter el ectrode erosion can be greatly r
covering thé™t %Wa‘?[%c

covering w i ter | rtions .of the el ectroge whjch woul d
ot her wi ge ;tizl}i:.%ﬂﬁ ?%ﬁtirgjtro @%? %gdﬁrsaﬁ e & Cofitach W"ﬁFWEﬂ?ag&%ﬁﬂkﬁ@aéﬂ?qse nt is
forced to spgeviaes, there BvRirunaohalo@eirritg @forpthdintbf IEHORE. TESRG Bt bdiS

el ectrode. This technique can be enployed to reduce the current 3ensity in
the area of 4 Beerdectimndempny alsphecoveredivith insddtor aratarial tootliminate Gagiesvérvel v .

The reduced L0951 ORid 856, | to. reduced depris geperation and ] onger
el oct rode. | Aras mtidiBeion ?@1‘33 ”]“f?“"gft?ﬁg"g?"& S APRLPRT APty invesday | i ng
di scharge 5no0tb dtdteXfo pirkhseant BV daiPuat Or, but it is not so severe as
t he el ectrode 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.
2AQ2)is cove_red 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. PreraEly 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 ectrode is covered by the insulator. Thus, a preferred ﬁb 8knent is a
dense plasma focus with the usual anode and cat hode config ra o2fififbut

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

el ectrode (run-down | ength), 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 EUW

generation. In contract to conventional dense plasma focus devices, there
is no run-down occurring along the inner electrode. The inner surface of
the inner electrode may al so BeEPHORIRMPLACEMENGt Or material to
elimnate flash-over arcing in this region. I's insulator has to have the
appropriate inner dianeter in ordeghuttertWithSealduce t he pinch size and EW
output. Preferred enbodinents are in FIG 26A and 26B. In,FI.G 26A

i nsul at or 6Whaste Plasma fogus stuges eumpensatsand qollestapate centaied 18 HIG RNt

I nsul at or

62 covers the inside f | Lk lVasiid-a n the
outside. Th %Bg@npﬁn%gtpﬂm}gg @g%ﬁél éoﬁ%erﬁb@{i? ggb}z’it%ﬁ%ﬂp%én‘% the(@g@tl olc}%) at
65. Pyrol yt ffeéts dahht @ofittet RS dnd dsdobr filey debsiserdpo dAneeparatidre ofliteshar ge
surface of the anode shown at 8A in FIG 2A(2) is covered wth r,oll ytic
graphi te. Themipougatointe ieo chembersswith gpwpeciolo YagHym: quld %V‘?%JEP%W .
advantage of this design,is th carbon i.s. | | sten
(the princi WﬁyFT’&’Poég'?d e feép?cglt P os’ftl{lbglréeflfd %@fﬁ%pﬂ%ﬁ%}}l&%ﬁdﬁd b?’igs i s
(I.WC h easi er ;1@ dodRfbrodidethé Bpatedesiired t8hbedmimodits a gateaplvet letwiamsthaovo el t |
Tt evaporat I!Js. Preferably the graphite should be applied so that the
at omi ¢ gr aplkhambérayers are aligned perpendicular to the surface to inprove
thermal conductivity and to minimze erosion. Prerably an interlayer is
appl i ed between the pyrolytic graphite surface nmaterial and the substrate

E'ng ;&gﬁ/gm%ﬁfcm& iR d8Blopt R clili§hdsEbr intifg BRSourts cHandbdN fRGRAnEhIHCE RODE
~ (like electrode replacement) while keeping 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 'accommddaie 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 fhe 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 sane chanber any nmai ntenance of the squrce requiring
venting will have di sadvant ageous effects on the collegf$nJ&Nr #6 s and

al so on the debris trap. A separation of these conponents into two
chanmbers 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 t h ' have .t ' f ti th
Sour ce_chanpar e aror AR S Y Fd TAT) R B i Pl eies a0 jrchrep embpi ng
the col | ect copenimgrdinetenkitve o M@pe-td-MASSERancldIrRE fﬂbém%,l(,) n?,herggg% ?,i?cﬂ.{gCe

chanmber 69 will require nore frequent venting conpared e ven
required forSaalvesiarcemisteddmpresent d7gnsT Haistas kexctig disadvaneips i1afeRRGndd SO

the debris t WM €. _protect when mai ntenance i s carried out. on the
source by uvglgé}lo Pﬁ% k%rrﬁggggyﬁﬁ%?qm%FEW: the<o|leqter ¢chamber istalse
col | ector ( arstede FacipGering@vEE had & | r ' e greatly jncreased.
Since a very short di stangeyis rqu?reg k%é‘%\ﬁeﬁg%tsmljéh%?eﬁg%e?ﬁlYF%gh?Fg Tume 71
and the debrapéics.ristharmiorsothe potipedovaptine i lomder fotale collBetBf @aRibbr HREE
there is -usq&\#eys not eno %gl%g‘pace avai |l abl.e to acconmpdate a separating
gate val ve. 'Wienthe °§?‘8§ el Hacym pquirements are mreiseveree 16 ceolldctor
chanber is ichhmB&UERY no? Rbyd | | equi red, t o accommodat e
it. The . collector chamber cﬁB%gé%g%%&&mgwhﬁéath QUIST, SRl 43 Xenty
shutter wil Iseysalndeantages existi Tist cdlleetos eplidsRenSuiihaRR iDYedub& ﬁﬂtth@&%ticg _

n esign

pressure of f%ﬁe vent ed se%{;lr%g chanber. The advantage of the prese
i's illustral &Pt ISineEsasod; A f §ySheip mappignyice slovar-timeds desmaeseftib8cai@d nehows

an arrangenpiinp afrfbe i he source and collector
chanbers. Fbme\?\égd‘hlpfg%grﬁtg u%%é‘lvglns rggs%g@;eéjn agité? ﬁ'?fﬁ%tl%? TAHEIARES WOFles s
from the pl ddwsensitiveodebris trapts dlso pheectat beaee of the grazing incidence
collector optics and thus usually do not provide enough roomto
accomopdate a gate val ve.' UHV gate 57 01 JUN 2006 val ves from vacuum
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the collector 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 cha:ﬁber 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 (bolder), 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
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"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 l ector chanber is also vented. Each venting cycle Hh94. dijNa2008nt ageous
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 vacuum requirenents are nore severe. If the collector
chanmber does not need to be vented each time when the source chanber is
vented, several advantages exist: The collector optics contam nation is
reduced ancchahsbenxt atclsigh i(atesphesic) prassire.cthe derce Trashisg dheFAUNET ABUR e

down-time is d d _ _doyn. of th i
Foqui 1 e at welas sHascs LG AaRBOAN b trgpe et Bl e el BB S,
al so prot ecod, AEELAE eslifhed THisiSificRnPldRt6RRbERERRRIr 0pticsad Uebris74 wi th

vacuum seal "Tromthe source to the collector chanber. The~shutter has an
o-ring seal @) Ahgninbrjelifadvamapetib ¢hat dhd sating shuttenbeto bajiptegrated Inip &) at e
of a gate valve. The space required to_.accoanmodate thi.s shutter js only 20
.mm or per hagalestos (Proampelehamber %l%‘éﬁ{efeé?lnaﬁgv "ﬁﬁﬂiff‘{eto\%ﬁ ci?&“#héggas uﬁﬂ er can
provide a VAGUUISGEH. BRloY adlahihet BRAhe SAERLRE] RF 10 angeb oTthe f or
the source er. ver, I's I's sufficient, since in nost cases only
the source pgBaaherandesite bPitheidthnan de(abidete Therfare, el apbytter e b shown

in the figure). Wen the collector chanber. needs.to be _ve@%%d .tpr ource
chanber canaedommyerates eusnthen thesreayised separating from, e savics iR, s Ashas %% utter
I N open position). en . S ter 'is approaching the closed position, it
I.S pressed W]{l%t-%rte§w89$e11%8grgzs§ﬂi. agai nst the sealing surface of the

€QOI |'ect or chanber by a notch or protrusion near the shutter end position.
The sealing surface may be conveni ent,lhelsocat%f on the outer circunference
of the debris trap (hol der), fReplacsahleKlestrods Hulest art of the source
chanmber vent,in he increase ' oA HRSTBEN ddvide foHsh the
shatter 1 urgier igfpielf tf FRGIERF ARt Hochin FPIY epih BN dhide

i ncrease Wi b1hdigenh oF @séle@fode] the debeis sullectomanidhthe s cdlectonabarsingde ¢ he

begi nning of the venting sone snmall |eaks may still efélsfts)t toyf\ards tlhe
~col l ector caotvds., Fouexammle, refminmia BiG 1% salleqpred? pruldspnett o1 dgmadule j yy

2008 N kprittd Y Mol AHBAPHES dcbhisREREAAY i colector 4. PRy SiBiridouie

permit these components to be replaced 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.

é‘ ' 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 vacaum 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
lécation 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- 'vacuumseal is established. This is sufficient to protect the
coll ector optics (and debris trap). A (mnor) disadvanta ij’@ﬂﬁm t he
sealing shutter has to be integrated into the collector%ﬁjr Q @)
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,

such a shuttgr n_b dated even when the required separation from
t he source t%-s?ﬁ’g’%&gﬁ?m%ﬂwwdi the desiredp proxidealebss mitigatiomproperties. -
Repl aceabl e BéstedsuRse Ml e L que to sinmpl.l | ect.rode
repl acenent is to design the %%ngﬁe%lgﬁpgénm?@bgwﬁgw%éﬁ%{g@}wg&q ode,
the debris cehemewcoupladavitthexiil X tinjeclidreicQighthe %eﬁt’kél@l&tmpp_d e 3’3@%

ld a | a nodufe

exanple, referri n@ te%gF.l G 19, collector 42 wou a port o
conpri sed of PAXFILT ugtRAy O iaipediwaT 0-42%0t 13t Joof input eoalgy Aefeasurd@entTHE

syst em woul ¢ 0, t.0 .be replaced.as a unit in a nmninmm
period of ti rlrléc@{)d%%l %’E%a%n%?%esﬁ%nmc d daviation ﬂtgr_xeaq- RPumprs KU Vsoytputy  Thec
r epl acement méiching oftleairivedisuint BB itk AERAREA Y5 ?@éang{iﬁgi)?ﬁle%ﬁ%éeh €

egr ade

debris collector and first collector optics which ecause
cont ami nat i SYeRPH WRvHeR#Ee fund tetippmd SORgMNIIORT MeZid RENSEsRleASVA

FOCUS DeVI Ct hill,zad | I i ts h d ted consid bl
effort to gﬁqe%;%%éﬁbg?aﬁgﬁéégﬁ?@%’é C%SP awf%gﬁggégpgwhgg&;ée §{0§Z§rrg
f ocus devi cehatithepritmanCscdBces SFehd AEbrisarE R %ﬁéie@@&d&eﬂdtﬁ%ﬁlgsﬁﬂqz@-?ﬂg ati on

of EW radiation. A_side view of the systemw th vacuum chan hown
in FIG 2A(S§y'depes pbrathnde mperiadaerbeen folndidd additidieid effone sdwatdtheRrs are

He and Xe r fko ate el ectrode geonetries, pre-ionization
char acter i s!t% F@;‘?’Hé’ 8g%§%ﬁ§rs¥vgéﬂs8reﬁ°éﬁsé’?éfr5@ £REReATIE haye bsen undertakeme

' tigati ovis iledfi Gonftiay i ' h . buf f
and Xe (wor ki @Z*’*?S"S O T oot a e @ 2009£3fs Wil Somlehghl el o

rates of th&° %-%ﬁﬁfe@l@@h@mmm@mhigtmmpeﬁﬁ@ﬂa@aﬁm;@ debhallg Tovigi ON

efficiency. I.1d nstraipnts,.on.the gas recipe are also deiived from
gas 59 0-1y ] ﬁﬁﬁfddz a%ié:g.nﬁlne §al sﬂOWS {f'le distribution gf thermal p%wer throughout the whole

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 hi gh 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
symmetric buffer gas injection schene coupled with axial e injection

t hrough the central electrode. The highest conversion efﬁ 6zdﬂhyﬂmgtained
was 0.42% at 12.4 J of input energy. Measurenents of energy stability show
a 10% standard devi ati on at near optinmum EUW output. The matching of the
drive circuit to the pinch as determ ned by the danping of the voltage

over shoot waveforms was found to depend strongly on the He and Xe

pressures. XEREHEY addvePgesicy. eThéimRY ertiHotts laRalbgai focuked b ofthimizing dei tt ed
fromthe source shows that the prinmary sources of .the debrjs are the

central el eptrfosuiencenef the ®RFwith Jeors. thegoures gase he daqitatethisgforiiexhavg) has
been found.. I n addition,to effor t oward nore. effigi i first
phase ef for tné’e%lﬁa‘f‘:ﬁé’ﬂlf?&fi PANGY ﬂ%vgﬁqspﬁ'bﬂn}ffg{}%"bae’éﬁ ’aﬁl(rglhgb {i 3&%%?@1@%%%% ave |ed
to continu Ohﬁétr&Bgfr,‘%ieinQ nittigatfA 3 chéradletiBatid) #RAhkOGRInedtinE tind woll&stor

cool ing. The system can be operated at higher repetition rates with

pr opor t i onabpticsldevedopmehtt y cycl es. The data shows the distribution of

t hermal power throughout the whole system This nore detail ed

under st andi ng of the thermal power flow allows Applicants to better
determne the ultimte high vol ungyaaRPRehptidn’g potential of this source
t echnol ogy. Applicants have dem)ns?’r ated significant gains in performance
wi t h conver ThefourthigkhantiorcofRenapPlasae Kooy sydtas éevfopet by Applicantg uilliges aas er
produced plasma sources, The . particular specificatjons ich t.ne light
sour ces nusPOWEeEYSIHB Wit hﬁq?‘ﬁ‘sg%ﬁp?‘@ﬁf & ﬂf‘)‘fﬁ@ve’a€§ e ?ﬁ%“ei'ﬁt?"rlséeq

1 1:luni natio s ROATRLEbED YOl sitttifk tPfhat SRATMCHRR €
q)'per ating mg%‘@?{%%sgﬁ(é%‘%’gﬁ{dﬂ?w power ,  out - of §]Sbland‘ power, saur_giil size;
maxi mum col bgdineblaseraigbrler toi gghemtethe high soltaget kigh pedk puyyer pulss eequisedhyl se
repeatability and debris generation from p|asma_facing.conponents,

Appl i cants' thedTEtogepgratedtl; llsﬁﬁ:Tg%ﬁ?éVﬁ iﬁ‘f’gw F&é‘fgegﬁtggeﬁ{e@gpypi ng
the basic Y ' ALV MGitiRa BSMIRSoMEss!thds t ype.
Hi gh convergﬁ%g&g{aa??%%?%tﬁgﬂl\;\%s 'éﬁ%ﬁg{ﬂ?ﬁd&% th Li vapor asot hSeS. active
radi ati ng eberenAlthéudhi @iireat nieashrernerss byve( R Jkt bnadicecly pedormede cigéwt ver e

too high for_ practical scaling to high repetiti.o rat e qperat.i on. ..
Devel opnent sisulatigas basedgmibe %@%ﬁ%ﬁfﬁpﬂ %qnlrﬂ%éag eﬁbﬁ!’f‘%‘ﬁﬁ??a{‘ predicko

that the output DPF drive current peaks at a value of ~ 50 kA, with a dI/dt of 675
kA/ocs. It is this combination of high peak current and high dl/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. Asexplained
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, 2n sr) >0.45%
EUV energy per pulse (2% BW, 2x sr) ~ 55ml]
Average source size (FWHM) ~ 0.4 x2.5mm
Source position stability (entroid) . <0.05mm, rms
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[, I JUN 2006 Xe as the active species: Their recent efforts have been
focused on optimzing the performance of the DPF with Xe as the source
gas. To facilitate this effort they have investigated pulﬁd m

devel opnment, plasma initiation and characterization, EUV to %bﬁ debris
mtigation and characterization, thermal engineering, and collector optics
devel opnent. System Description The fourth generation of Dense Pl asna Focus
system devel oped by Applicants utilizes a power systemwth solid-state
switching and several stages of magnetic pul se conpression (as shown in

FIG | and de¥tUBRYreRpUNQ@NTals nilar to that usedOPAHzymer's exciner
| asers, in qf . ate the high voltage, hi eak power pul se
PR RiRERL Jodb

requi red by enerate EUV light. The stens. begin with a
chargi ng volg bid#P0 V and generate an output, pul se applied to the DPF
of - 4 kV wit risetime of less than 50 ns. N?%@HBT’] current

measur enent s, ha been directly perforned, circuit sinulations

based on théd‘%ﬁé\ggi“%@g)f)&eﬁ&’g%‘ﬁr%?ﬁ)cal expefPiWetht operation predict

that the OUHEWY dlfffut PoWée B?Hétr(Q%tBﬁﬁ%'ﬁssfﬁt a valzgg\%tlt)- 50 kA, with a dl/dt
curre

of 675 kA/as. It 'is this conbinatidn of’ high pé nt and hi gh dl /dt
that allow the DPF to function efficiently. The nost inportant features of

this fourth(%(é{%gﬁati .device is described in FIG 33 al ong with a bullet
list of the o Glacieney ﬁ?goa%btop?foazmerﬂ@n@gbmhmefmo sqsechERSLIn -

el sewher e Apahi GalihBol a%E LI SIp: canversion. efficiencjies (the ration
of . in-band EW radiation ?tgﬂg%&? Er%% gﬂ?r%@%? ed?‘?tsrc}ﬂ%‘mt'ﬁﬁgf’&threi *Eéfm%&y
i nput) -of aldestrited3treids Tius, thelefiidnshgle@ EUVipowRP Rl eahicpRedidRMobadjss have
denonstrated the fcﬂ | owi.ng systems: t f er O
cun_-;ntly about 5 Watts on a continuous basis and 200 Watis in burst mode. With the "
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 o.f
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
1s simply provided by resistive charging from a set of DC power supplies. Those DPF
systems that do require high rep-rate capabilitj 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 ps. These resonant charging systems also provide energy
rccoirery, 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

Appiicants low-duty-factor sources operated at less than 50 Hz. They show the
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ormance parane per Current Source Performance EUV efficiency wwth Xe, (2%
BW 2a sr)>0.45% EUV energy per pulse (2% BW 2a sr)- 55 m} Average source
size (FWHM- 0.4 x 2.5 nm Source position stability (entrgid)<0.05 mm rns
61 1 JUN 2006 Continuous repetition ratel000 Hz, Burst re& i JUND Bt e4000
Hz Energy Stability- 7% rns Avg. EUV CQutput Power (2% BW 2a sr)50 Watt
EUV out put Power, Burst (2% BW 2a sr)200 Watt Collection efficiency is
about 20 to 30 percent and about half of the collected EUW.in band

radi ation can be delivered to the internediate focus utilizing the

t echnol ogy dé}?ﬁ&éﬂc@ SELORIR Hut{)ﬂ-tmﬁ% cobt8siff BHRENERbE BadTebipePraentatatalone

internmedi ate'tocus Is currently about 5 Watts on a conti nuous basis and
200 WAttS ihelvit of bandlemiséidny and show npeasurementssofothe spise $izgetnd; POSKIRN i cant s
expect to increase the continuous power at the internediate focus to at
least 45.4 $bi.-within the near future and ultimately to 105.8 Watts.
Bur st node performance will be roughly proportionately greater. Six fourth
gener ation DPF machi nes have been built and are being used for a variety of
exper i ment sQQer thy pasteapéipnificanti progresy kasi teen e an un dipg seamof the

devel opnent, .debris mtigation, thernmal. managenent, and .08| | ect or .desi gn.
For those esppiricabdapsndeneics of dos EUYOHPYPY ‘gﬁ qdei gsAmeny god gas qy'}?ﬁﬂcsand

above), charging«po ; lL.has. J | Qe thel¥rafigsd Sti ve
har o) hg. 1 B S et PharglE 3T P aARRs, 4o AR tretiat
require hi gihchRRameiveathopelidig whish alldwes gas to bainjeteddyimetricallyemeund the

chargi ng system which charges the initial _ener st.orage, capacjtor, ,CO to
a vol tage ofmode3egioy, prd @csystenh for RSLIEE H‘héﬁ‘é%% ‘BFP&‘E& g 3804 ens

e DB oy © BleEER e daf Aoty iR WAS nlodB G L8 WBinbthatiSnd@HAdAd X2 ed by
to be injected into different sections of the DPF system. A schematic of this system is
shéwn iln Figure 1. Gas control is performed via two mass flow controllers and a high
accuracy capacitanﬁe manometer. The system is operated ina constant-pressure mode.
Xe is injected in é constant-flow mode, and He makeup gas is added in order to reach
 the target operating pressure. In this mode the He flow rate dc,i)ends on the pumping
speed of the system. Dependence on gas flow rates was inveéti gated by testing diﬂ‘erent

pumping configurations.

Radiation emitted from the pinch along the axis passes through an aperture into a
differentially pumped diagnostic ch'amberr204. Gas absorption in the measurement
vessel is minimized .by maiﬁtaining 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 vesse! is performed. The radiation from the pinch is reflected from a
Mo/Si multi-layer mirror and is directed through a 1occm 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 photodiodé asa
 function of the experimental parameters. Data acquisition and control of the gas system

‘are performed via a computer interface.

“The repreéentative dependence of _the. in-band EUV signal {at 13.5 nm, into 2%
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using this recovered energy for the next pulse. This reduces the anmount of
power required by the main power supply and al so hel ps with other issues
such as thernmal rmanagenent. Measurenents |In this section e‘@é’ﬁ?@§
present an overview of neasurenents perfornmed on one of Appli

| ow- dut y-factor sources operated at |ess than 50 Hz. They show the 62 11
JUN W 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 Dﬁ;at'i on_stability. Over the past year significant

progr ess hasi’ﬂ%‘é dthdBto A sliensha i flgwsmateeisashominein EIGDI2A(Spbt depRASENC €S
of the EWV o%hgl%ﬁnon el ect rfoi#’%a&i_onet rdé and gas dynam cs isSsues.

Si gni ficant cRanges PIASURL Prrsandaat & Bxerh charsingt voltege bndhe Gestestamiei ons

i nclude a ne%@itbp@iﬁhggﬁjsg@p%élc sl OWs gas to be injected symetrically
around the anode region, and a systemfor injecting He and Xe m xtures

t hrough the anode electrode. The gas delivery systemwas nodified to all ow
conbi nat i ons Aofigtificantdnofease il R UV REHE %rd ' ' t he
DPF system A _schematic of this s stcggnﬁi ;ﬁdngﬂ%\fgh{c%%%&?e?%h&%i@%ﬁsr ol

i s perfor medWfded fEpurddhe rnode él@ii:txeotht@r@ thnctatholde gin 20aM2 Boary opep@ioht ance

t T [ [ ted | t- ur de. Xe i
T ected i n Sompkel S i RIS Go fie rai Pk e o lonalisprovermsmsavast o
reach the tabgetedtydnereasiy e FFSss Slow r'atet\gﬁ ﬁlerﬁﬁﬂﬁioh%?pﬁ&lgfdg%\ggé@%mgpends

on the punpi n]g speed of the system Dependence on gas W
i nvest i gat ed®Bet oRigherpuningspead is tp e thy B fougpint ks nSitivBashihe Medass

emtted fro ' l.ong the axi s passes through an aperture into a
di fferenti arpé/&%%‘;e]’gpa&%@ﬁ’gc&?&tﬁ% eV egiRutapsor ption in the ,
measurenment vessel is minimzed by maintaining the pressure below 5 niforr. -
For these neRsWHr9ERGRHNE Wi | el .ent ce was | ocated 5 cm
fromthe pinch region. No c‘gérr@g%ﬁ?%%gq %sfgf‘ﬁ'guﬁﬂg%g@t@?ﬁ?%q PR ORSERXeai n
DPF vessel aflowgatelied & voltagadfi1 308 Vion the first capacitor stage C2 as shown in FIG. 1.

FIG: 2A(6) shows the voltage waveform on the final stage capacitor (C2) and the in-
band 13.5 nm photodiode 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
fac;tor 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 1:50 ns of the EUV emission. From classical snowplow and slug models of the
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t he di agnostic vessel is perfornmed. The radiation fromthe pinch is
reflected froma M/S nulti-layer mnor and is directed through a | ocm
thick Be foil onto an un-coated |RD AXUV- 100 phot odi odeg, , A typi cal

measur enent sequence consists ofrecording the voltage @@fdﬂ 08t t he

pul sed power system the DPF anode, and the photodi ode as a function of

t he experinental paranmeters. Data acquisition and control of the gas system
are perforned via a conputer interface. The representative dependence of
the in-band EUV signal (at 13.5 nm into 2% 63 01 JUN 2006 bandw dth, into

2 it sr) OnDPP%péi%ﬁBhag li@dnfs dxpe st TRy Chatdttdriste 23341 &d radiaktransi ines for the
operating pressure of EO mlforr and at a fixed charging vaoltage on the
first stageplasmpstickdronbfo schie with the aquarsweot efpffestive mass dgR$ify. éimscmg ease
in the EUV output . fromth ource s _observed when S kDl around
" the anode aﬂ‘ﬁ’d_ & ]E’?\ F%‘EF&H‘@H@’ tg‘é&?’?&ﬁ% Oﬁﬂmﬁig% B{?_ﬁgglooilpaiés actop%tgﬁtqﬁ%rrpar ed
~with He inj geli o, hPEFediftendtBbhthPRRokeréH in swélpird theflasd s 0Ohe Blbirodas
observed by I ncreasing the He gas flow rate via the addition of punping

capaci ty. Tregiorefhkalatiohs off this effeqs basédon spwetimensional segveplow modehsuggasput
| ess sensitive to the Xe ss- flow set . point. an 0 ijncpease t sur ed
EOY out mut - (8 Rtinandiradieh pHer Rt meshes By b Plghifisandy tods AR eSS ferlydd AT

pressure at, ‘ flow rate and a voltage of 1300 V on the first
3 St

capaci tor .s{ own in FIG 1. FIG 2A(6) shows the voltage
waveformon the final stage capacitor (C2) and the in- band 13.5 rim
phot odi ode  ghgmRperdficdBf 1] Aetdgeindand BUV hmesiyoatal enbiey Effidiestyoalthe
strongly depends on the He pressure. Exam pation of_ the , ef ogr m shows
“hat the edissipatedeoengs pifixad\gas Apw congitions srshewa W'EI%MQ( eﬁfinse

, e ontt f i : . °.
of " 1 ow o THkes e SR kcrthfh el sBlro L ERRANGR Bt BRRCPUREL AP odiplt nC | O
cal cul at ed {Ha@t thGediffuewas eBtalded Yyaedatingtierdiirging volagEviiklemingall At

1500 ml He pressure, approximately 70% of stored energy is. i,ssi({ofailed in
the pinch reticopaladiegers fixedTheedatz shawn hire arp dorthe aptipBimy coritions| ¢fdit s 9%

éﬁ(l)t gd}] LdeTE’IF%ﬁ‘gtle X%P%%Etgﬁs:‘%ﬂs#ﬁ g%@%ﬁﬁ%‘?&@e@&%ﬁﬁ%{d%ﬂ%glogﬁlg adi ssi pat ed
energy are gifferent gas recipe and anode geometry. At 10 J a 70% increase in conversion
: eﬁiciency (CE) is obtained, as cbmpared with the prévious conﬁgﬁration. Although the
energy coupled into the pinch depéndé on the gas recipe, we cé.n see that the
dependchce 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.

é - 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 al/1d detected by thé 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 6n the phofodiode with no filter in place after reflection from the

ML mirror giifes the sum of in-band and out-of-band components. Insertion of a Be
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~total

plotted as a function of the He pressure. The EUV signal increases by
approximately a factor of 10 over this range. A further crease in the He
partial pressure results in a sharp drop in the EUV yiel ndtNs2{§8n i n
these data. Another interesting featuré of the dependence on the gas
pressure is the shift in the onset of EUV em ssion as neasured by the
phot odi ode. At the constant Xe flow conditions used, this variation of the
pressure fron1180 mMlr to 1500 nT results in a shift of 150 ns of the EUWV

' [ madel 64 01 JUN 2006 DPF
oper at 1 on o HeEBAREE Mect iR BF in BandiatRon aniva hermrs Bsmbisaengibe
times for thﬁl-bﬁidaﬁdmwﬂhﬁ'%dlﬁﬁ&%o&&té?ﬂr r&ge T é%ﬁlkmfsglglh%&n ¢ total

effective mass density. This scaling nee s for t
confi gur at i ofignaliwith nefifenwoconobude that~ L5%6 of &mttoma.mdhﬁon teflertcdd toﬁeMI?

effectiveness.of the. s pi-Ag-t he mass out._of the el ectrode
region. Calc 115?5’88??)1?&?:2; g@ﬁ%&?{l&ﬁigé’m -on a one-di nensi onal snowpl ow

nmodel suggest that axial and radial effective masses ray be significantly
| ess than thpa ssur endence of the
average in ban%sg%éﬂtgﬂgécgugéga%% a@?gcreéé&g??q%gﬁ %P%Ef“{lﬁ‘g“’“g%%"ﬁf Eﬂe‘%ner gy

at fixed gasfdripoak mnpueti tA pisholesafftenbinplyink@DacRAl@Ningind cgz% Sray AL
These dat aw\éﬁ{te taken with the source conditions optim zed at t%e peai EUV

out put . @'n‘é‘ﬁg‘}s npi[he soaEceoimages ate hpwnddUdGngA(HY. Rresgimapes sekage
whil e | eavi ngy ters fixe The data sho her e arefor t he
opti mum condl t | ons 0 %&%&EM ORsE i} eé%er\ﬁa‘i"?re o faken gtam angle of :
confi gurat i 068 g¢geessnirad averahd bowroPLicd (ABraged S%Crflﬁg)?»ﬁfse% rfj‘fe%g?ﬁmeﬁ%jbé”‘mde ,
ncy '

- geonetry. At 10 J a 70% increase in conversion I Cl
obt ai ned, as0-éorpay 82 Wh@h@@@&h&ﬁm&mﬁmuﬁblmﬂs&wmﬂ&usw b@nceenergy
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variation i reppesxiih@ly 8@gnnot to the change in coupling. Two types of
measurenents of the EUV radiation lying outside the 2% bandw dth around
13.5 nm were perfornmed. The experinental .setup for these neasurenents is

shown in FI GfsingAfBpinholt &) techinigue we tart ¥BRIrOn BRASME SIERNS Ewraﬁe&gyi the
stability by i mtegratmg the intensity in each frame and calculating the standard deviation
of this quantity. The results show 9.5% (l Ni intensity fluctuation. This measurement
compares well with measure_:ménts of thé energy stability performed with the standard
measurements using a Be filter, ML mirfor, and AXUV -100 photodiode. Additional

experiments that will be pérformed with this diagnostic will include correlation of EUV

source size with the in-band energy.

From the Qn—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 operati_on 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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radiation fromthe pinch on axis with the fraction transmtted through a
CaF2 wi ndow transmtting in the 130 nm- 1300 nm band. These results show
that -0.5% of the total radiation emtted fromthe pi nch lies in the CaF2
band between 130 nmand 1300 nm and are simlar to pr ev@o‘hsJUNegm S

obtai ned by Applicants. In the second neasurenent the fraction of
radiation emtted fromthe pinch reflected fromone Mo/Si multilayer (M)
m nor and detected by the AXUV-100 phot odi ode was conpared with the
fraction of radiation transmtted through a 1 pmBe foil and reflected by
the M. m rr@imilarfoahat &fgloyedBREyiRe s @Rciiniie la¥ef),otle attaimiuhlbure efriissicar i n
place after reflection fromthe M mrror gives the sum of in-band and

out - of - bandpeartadpearinceeasddtoarttp 300 palses BaepRition ratgof 286B-fi 1 ter |inits the
measurenent to the in-band fraction only. Therefore by subtracting the

i n-band fraction of radiation corrected the ML mirror,transm ssji.on from
Lhe total Ehejiee loeraistpio g epewgs oL vdr i s Mesoire i FRE Spulf
radiation r B%F@Eﬁ-‘& Dhe%ﬂ-—Néhotaair)&é)aeth&i&%c Brne (dB6orbd® aBeR TRE $uiBendL 3. S

nm  Measurenents—of -setfce S ze and centrold notion were perforned with

the sour ce: gnsgglvs. palsepratbenditp ute shdwniin FHG £2 4@ 2 Whemthe ogpetijorarate was
back-illum nated CCD array and a Be, fi]ter. used, The source, i pages are

k) P

shown in FI @creasgdfypm lawae bighiratetwith pe changes Ridhe gas XIS, aSSHEr WG | oned

on axis. Measur S v .al.so ha _ . , SRS BRSmakthe
aver age sou?ﬁ © |zesﬁlg\\ggén%@d\ﬁ%ve%&%ﬁ@é@#ﬂl\%&gg&g?g%m ned to be ~0.25
mm x 2 mm f ghlropdiste Adpdstrits ofith pasuetipd tewgidsiblede purlesthe Gdputsnwrdee to
centroid di Zgl acement is plotted in FIG if(A)l. 1. The average di ;pl cement
s appr oxi rafas! yelgivelyns By melse icnergy ok 308 ravlses dang Sustgl 2 tain

%n estimate of .fhe EW > tabili : i b A
each f Irahéeﬁffci’ﬁnﬁgﬁ?ﬁ ?‘af\g ‘ﬁgé & @%gi%gllg;‘ %#e eviatl gﬁﬁeﬁg’l{l q%nulg‘g?%ﬂuaghtﬁ{@ywﬁg
resul ts shopyfed el dkphibReIgy stayk lati bighavaloes foflthe remainderesfothe buesinibhe es

wel | with measurenents of the energy Stability perfaorned vvi,th%iﬁhe&@g andard

measur ement somespogdiagBaeasined standavl dewiation of thepereyNabiliyan fesgrenip L.

Addi ti onal eriments tfhat, will be d. W IS di a bW |

i ncl ude cor ﬁ%ﬁ%ﬁ“&#&l‘:‘ weé.‘gﬂ? o resa}(:lz]ggé‘\n'{)th T Iéélil%ténitg %%gﬁg%%a?%ﬁ?ﬁﬁh&
repetition-rate operation and a further performance increase should be possible with

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
{‘ B 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, Scmand 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 bjr EDX. The presence. of a weak but detectable Mo signal at 5 cm is an

67



Fromthe on-axis imges we al so conclude that there is no EUV production
originated froman interaction of the pinch with the anodﬁ end %b The
maxi nrum EUV intensity is observed in the center of the pi dhJulNe Xe gas
is injected through an aperture in the anode. No EUV em ssion 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 inmportant for high exposure dose and accurate dose control. The

burst node ] this.fourth generation |ight source was inproved.
Using a resgiﬁg{ﬁ?{ _"I():'ﬁglra g{hﬁé‘eg%ﬁﬁtsﬁéeéﬁlﬁ %%fﬁ”?f’nion%ﬁ{n el rsBuekowhichintizo06
(simlar to t/bihi t ' ' T .S ) acts L qum. bur st
em ssi on pet?,?od g‘;a?sé rigﬁggg%%?@a%ﬂa?g 00 plalgggg%gtaﬁreg%[tg-l t9'0 eﬁ%ifréss of 2

KHz. The ti rgeneratiograte etl-AriOkhnoh jen puly offaxishe sekNrdm tiegsinas measur ed
using the nmulti- layer mirror _Be foil- photodi odedetectio n schene

descri bed above. The in-band energy vs. pulse nunber data are shown in
FI G 2A(12) .Aweenic ppical wghaiee was tested taetmrackanize drstegoditiomofidetitis genbiagddl r at es

with no cha t gas _nmxtyre, .a.severe reductio of the EUV out put
energy was ogse?\%}g' J\;ﬁ% P rﬁ”&&fm@%m Vb{hlggegmﬂﬂféﬂ?smytrmmg@erally
appr opr i at e Hgh THeeBREHoAdingk BBHEA kB PEp 1o ' ith RS, L.ne
output in order to ob?gi nm?eﬁat i vél y 3?5%% Pé%fﬁ%ﬁ%?&%%@%%@%?@%ﬁ

pul ses | ong p@erarallyavelhbelowtarquartepwavelenpth irthis region sb chamiriterfrbioelfHapsse

after a trangjent ,period,lastin or .abqut 10-15 pul ses the output energy
stays at hi 3‘%""9@‘1‘1!’3%”?@%?%5%%9 “&eefﬁéa‘ﬁurst. The correspondi ng
measured standard deviation of the engLgyistability in this node is 10 %
At the present |evel, we have not reached any fundanmental scaling

li mitati ons vwiore Wiigthe traapaitiantq e it Heabomrptian ERIARSE aad .U &I&Efﬂw ckis§BNCE
i Nncr ease shgg{?gq*gétﬁ)ossi ble with upgraded pul sed power and therna
management theghserbaneg A dpfinied as begib(1 8Bnis prapavitorakpaheflinMhidknessPd
coated silig : r o, t ris produced by the, DPF in an effort to
eval uat e t hgpﬁngzéﬁ'_tl{e %lrlé:egt 8&1 glgt]“d?tﬁrgg?mﬁﬂg_t?ﬁge punbstsof gapess; tepframee  on
th;—:t col ![ept @fcaRiehieit ofl R ALALFHARcLONS lcghtidY &Pl J&p&&ﬁ%ﬁmb?esaée fohs Rt ed of
a tungsten )

- “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 cbncept 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 m the chamber was 0.7 Tofr with Helium injection into the main vessel énd 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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anode, alumna insulator and brass cathode. Sanples were exposed to 4.105
pul ses at 30 Hz, at a distance of 5 cm (M sanple) and i | cm (Pd sanple)
away fromthe pinch. The arrangenent and pl acenent di nensi dn$ Jise 280fpwn i n
Figurel O After exposure the sanples were analyzed by Energy Di spersive
X-Ray (EDX) analysis. The results, summarized in Table 1 below, show that
anode (W and insulator (0, At) materials were found at both distances, 5
‘cmand 11 cm No sign of cathode material was observed. A small fraction of
Xe was found on the Mo sanple at 5 cm This may be a signature of

energeti c Xe debrsrepucidbndactoniF) (I F=DDREdefinedsi Hpl opsewhénthe spoplarvadplaged t he
thin filmcoating. The presence of coyl d. not. be. .det.ecte EDX. The
presence. oWithoWeamy PERIECt L ﬁl?f‘gﬁgéwggo‘é’f* ﬁ‘ﬁ]velé(tth%‘fe('?w ‘I;elgg@r?ﬂgef%’iw\? 2006

i ndi cation . | enrd $ d.Shi Hanme aﬁpﬂ

t hi ck, whi CEQE ém%' e t%ﬁc{gfﬂlggnﬁdr%%*ggﬁgtgg@ﬁ or I%%g(ﬂgnal ygﬁ@iﬂ?g?? gi ves
us an estinai¢1Df THeee fetitd shovoe psttuatioofactaatof 160 pér ¢m bl shickdiengierThest se on
axis at 5cm fromthe pinch. A sinple optjical technjgue was tested to

char act er i zeesultemay be spmpargd yiithdhe Fedycimiacter E’&aS‘EVl %ﬁé"‘tﬂﬁﬁeagﬂ@ W5 pt i on

of nmetals in,the, yisi ion af~t-he- he
correspondi ﬁaar%{ eé) s%}dﬁnﬁgﬁn g?t%ﬁﬁfﬁ% e’ﬁl g’g”%ieﬁ ?%%%glr]n&hﬂgﬁogg
occurs i s gppaedlster] Medlbctival diskharge aaichining\@DNIR (Ml datashioki thatuaderdress o t hat
interference fringes "are not observed. Accordi ng to Lapbert-.Bsgler' s | aw
where T is wchaditipanairedustion facior measheedABE theph ¢mdorgomuiy-ghannel sifdd a5 s 1 he
filmthickness. erefore the.absorban A ' ' & S

)r opor t i Ona|cogugapgga {Of {hlerﬂ?lﬁre& ccﬁéggll%?el ?t?a(::@el,l %%lgﬂrigggse%gveehﬁg (])T'? E '%r? of s

propor ti onaleohRddude i YeaRRE theyf £Rbris §161d t6 the length reqaieddrfonmadticalisotuee
absor bance of a coating .on a transparent sanple due to debris produced by
t he DPF as apemfioni on of the nunber of pulses the debris deposition rate
per pulse maybe determ ned. Experinental verification of this
proportionality is plotted in Figure 11. Measurenents of the absorbance
-al l ow one to conpare the debris depasidl EaBinediz ON Wi tness sanpl es under
di fferent DPF operating conditions. W used this nethod as the primary
nmeans for obWaienicogjed rbectnoded, dhe dirstt stemin idsvelopmenteofie thermal manggsmenis” f or
t he

solution 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
énd generated ca_lolrimétric data that shows the dissipation of thermal énérgy in each

electrode.

{t ; | The cathode has four separate cooling delivery and exhaust loops, one for each quadrant
of the annular wc-e.l-dmenf. 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 i/ery 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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debris reduction factor due to the insertion of a debris shield. To
evaluate the effectiveness of the debris shield concept a sinple

si ngl e-channel test setup was designed and built. The ge Ttaﬁ_ﬁnd -
critical dinmensions are shown in FIG 2A(15). G ass sanp swl r ﬂﬁl dced at
6cm fromthe pinch either facing the pinch directly or after a series of
nmetal cylinders with 1 mmdianeter channels drilled through them Tests
were performed with 1 cmand 2 cmchannel lengths. During the tests total
pressure in the chang y.was 0.7 Torr with Heliuminjection into the main
vessel and X&° TG&ED P F@B?%Z\e%trﬂ%ghlpmtmaugw@;m@bpmpmgpemmghmhe film
t hi ckness usj . i .. for sanp] es which were exposed
to the sane 'érﬂ?ggrea?ﬁo% puoégggéﬁl&’?ﬁaggggﬁghgm e J[e.conditions but with
different debris shield I engths, we can calculate 68 1 JUN 2006 a debris
reduction fagtaor . If F=1 is defined as the case when the sanpl e was

pl aced wit htft n&éﬁ@‘ﬁﬁ@feéﬁpplﬁﬁ,elﬂpﬁeﬁeﬂashmam it i1p td sevetay hirfdeedidént S

shi el d protegtd Experinental results for e and 2 cmthick

single Ehanﬁgléhggtﬁtﬁétg?gd SF)?)(&%?%S FEepeiitonrates yp tOr%&% QZr & 8p resulis 5o fan

reduction f dndweatediat LiPagofible ebiélafibh Bkists bR meblGag efe%ﬁ#!af %neg&yingﬁ
st cnuftt -

conpared with the reduction factor neasured for a nore reall

channel debratd mgswred heaidead ontheelectradey d)ing Fitam wheh othepsas FdluRndasiesd
fabricated f i pl ess.steel by .el ectron discharge machining (EDVM. The
data snow ¢ 163 acie Anderiie SistmneliRety e Sortiderd oRie emenl cnesay lnaoing or
the 1 cm | onBe Bléctrodsshanghelwiky g . qP!iS 0a4t.h i npl,e m

singl e channel setup. This “é.i ves ﬁtgvg§mmgg'(s%§r9@5’o %é(%]nplle er??%ra?'ﬂ--c h%?ﬁ?'ng
this type ofld®igsHy shepthode remaves mora gtk thaqtﬁerﬁd)dép'[h@ﬂﬁﬁtshg@ést 8RLIRE

operation. roml Engi neering Wat er-cool ed el ectrodes, the first step in ¢
devel opnent E%?“’gg{%‘é? Iamg’mon ggﬁ‘ﬁﬁﬁeétr\asftb? repstitipppate rigesh Thigewasegi on,
have been degpesarsiadictht asddtes 1@99 | neration ELV i ght
source. These el ectrodes haveee g Ielalngtu éreor%&td??;eﬁaﬁg&a 8@@?&?@8&3‘?&
si gni fi cant igerpasifigarpditiondste sndithe compspontliingReduRtios of theab Eiublilyin afhi eved
and generat%g &‘al ori.netr. c.ﬂdata hat . shows the dissipation of theéernal
energy in el e.lg?tgg%ﬁ%ﬁgu cant. The cathode also has a much larger cooled area, a shorter

‘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 _derrionStrated source parameters is given in FIG. A(20). In the past
year Applicants have built five new DPF sburccs as‘Wél'l as iniplementing"upgrédes to
our existing fourth generation system bringing the total number of operétional systems
at Cymer to six. Significant improvements were made m the conversion efficiency
primarily by optimization of the gas recipe and gas injcc;tion geometry. The best
achieved conversion efficiency into 2 7t sr and 2% bandwidth was ~0.4%at~10.5J 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% (1) 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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The cat hode has four separate cooling delivery and exhaust |oops, one for
each quadrant of the annular wel dment. The flow through each quadrant is
-arranged to be simlar. It was designed to maxim ze the area cool ed
internall.y by the water and m nim ze the conduction path @@rag@hzduge

pl asma heated wall and was fabricated froma high thernmal o] C ity
copper alloy with good nechanical properties. At 400 kPa the total water
flow through the cathode is 3.8 liters per mnute. The water-cool ed

el ectrodes are shown diagrammatically in FIG 2A(18). The anode is cool ed
by flow ng water thr t s LhGho @ Yea hn the
body of itss%llec%’g ‘%@ﬁgﬁbﬁl\?&#ﬁgéﬁse%wlg\%g 0'E@'ihe \Ag('%ugrﬁ %ﬂggfl%?%& ?ﬁlogf; to
the region gfjeldéngdar Exthglabitlg Mis tesaly gy eedustiimfadiyr oft 1068 spigestsahatas-6r can
be pumped through this electrode at relativel y..hi gh pressures giving high
wat er fl ow cmtsbeldwill herequaehi ng a nore favorabl e tenperature gradient in
69 01 JUN 2006 the region of highest heat flux. In recent test+ng water-has

b mped th h th d t 1100 kPa-givi fl o) . [ i
or o op o T et nd Dotk s ettig e an B iabs frlcoRfnldlh bpllarid b 1 oS
to several a%%ouﬁh%ﬁrpg}dﬁiﬁgﬁ[ 60PW St the pOFers didsRAt if 1R Qtlicdipetitt i on

rates up to"2C sults so far 1indicate that a reasonable
correl ati on4e% gdisig kethoemoderdiitssiagests tut at 5600 Bneengfitiompate andi @ Jigtakur ed

heat | oad on the el ectrode, coqling systemwhen .as. yet un ed but
| argel y undérrpg,l@gwggy§mﬂ41@§fit?ﬁg@égapﬂ‘ém@&ﬂ}’%w(ﬁo“f at"ﬂg?ér}g&%er%r gy -
| eaving the el ect | B /i ' kot afY RblarediRiR 80200 e
anode and szttﬁlbeggFBR$§§?§CI%1¢%@?%§(§§3¥[€h%£ reegr})(?/&elgﬁﬁore hea? t han t he anode.
(*afh e data suggesh 2tdBw il 1 sAltiRsRuiRMpppHateirghetiopfaotes mustbe afedtoe heat

s the repetition rate rises. This was expected since the anode

t enper at ur e allido®Gistiedre compomkngs thiwoattetvisate thefsoutes radietimde wi th i ncreasi ng
repetition rate and the. corresponding reduction of thermal conductivity in
the anode material is significant. The cathode al so has a nuch | arger

cool ed area, a shorter heat C@F!f-iERiIMPlQ?VELWTﬁar hi gher ther mal
he

conductivity than the anode. T raction of heat renoved by each
~electrode is shown in Fig. 2A(19Dualfsposceiallegfors he denonstrated source

paraneters is given in FLG_ A(20). ]n the past . year | i gants have built
T Ve new DPiDwdalEeerelscten lpsssof BV aREREF- Ayt ey pgniniierofinitts
very desirable for illumination systems for EUV lithography. Specially designed
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 Contro} 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. 28A. 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. Howevei-, dealing with metal vapors is difficult. A
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- our existing fourth generation systembringing the total nunber of
operational systens at Cyner to six. Significant inprovenents were nade in
the conversion efficiency primarily by optin zation of theggaé Eée | pe and
gas injection geonetry. The best achieved conversion efficfen U [ 2 2t
sr and 2% bandwi dth was -0.4%at w 10.5 J and |ow repetition rate. Stable
EUV out put was denonstrated for 300 pul se bursts at 2 kHz wusing our proven
resonant charger technol ogy. Experinents performed to date suggest that
further inprovenent is possible by continued optimzation of the gas
delivery sy€thipaueiospryidingirget materiahatithepiach sitdie to fohl Wighid(sblutadvi | |
require inpr t t f .band radiation is < 8% for the inproved CE
sour ce. Cha_r%né?‘iegr%%lz%lfl oﬁecaﬁ'eégg?tilgl’&&i‘f tPed on witness sanpl es exposed to
the pinch shows deposition primarily of anode material (W, and anode
insulator material (A, 0). No evidence of cathode material is seen.
Measur ement sWaen e higuigsolutoncottaiingihe haetdld¢ inketediBiokhd 4 hahibet, gheand

mul tiple ch debris shield sh reduction factor of 100x per cm of

shield le ngta’ﬁ&g‘éi?ersé‘ﬁtﬁ%‘fenﬂ §‘" gFﬁ‘%‘P %égeiwerr&l& taxggt delivery dandeeradsfin 4608

suggest st hajallad fhasPlinfied Sy Wi s i T surepents .of heat

extraction fromths el ect'?f)yg’gﬂéeq’f%%t-dé%ﬁ |tr?§g)&£{§§3?t§f&8‘ﬁ%gﬁ# 'nggvﬁfdéﬁbw

t hat appr oximenegngssdbat/meddetihEhip dywes ns eﬁt&a?aﬁﬁﬁéﬁiﬂhﬁbﬂ QSulﬁ%tﬂé}qﬂsc‘guﬁp 40%
n

going to the_anode. This ggests that at 5000 Hz repetition rate 10 J
total i nput’°%rﬁ§“r”3§}“‘06@“%a? SpEedced bythesaunce dRysrtargetmatetisl c20 bk Welivepsdd t he

anode el ect iRda;quidet l5RGSE; £ 1 hpe. 0..4% CE we cal.culgte a total in
band radi at ed pg]\}\lécfjeo 20%“8%1? rﬁ %8&&; %@y%%%fﬁc%‘ngﬁrﬁurpﬂ%a%ﬁl?ﬁc@ this
Appr opr i at e wayd itotandre dedivered so thd:&iisdh@r%%&@ ohQ@hd jfddn Bi%ﬁfea‘iﬁéﬁ ents
that att enu%asgtht he ougge rfldi ation. HE% | MPROVEMENTS  Dua 5&‘?%‘%
Col | ect ors OiEnfigecatyberigfilledwith farges sanseriad fSimea catboidal particles imsuspdrisiva of
th mb £ LA ' ' le f iJ 1 um i t pé“fg EUV
. e number @ 1iHhids 8 . . r or iJlum nation systens far
l'i t hogr aphy. égi_éci a_ﬂg @ﬂ‘glgé?{g%‘b& %géﬁlr"%gttg‘g t%ﬁ?fdlﬁwg‘?& P?‘?Gﬁﬁ!gh%@%f@js such
as beam hormutpeali vagor. By tlesisipake righecdidehtratiRAHh&aCOUHch BE 1@ AGHLESH Ve
di ffuser added to a grazing incidence collector of the type ?
opiimized 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 EUV 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. 288 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. An improvement 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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descri bed above. Use of Mgnetic Field and Preionizers to Control Pinch
Applicants have denonstrated that nmagnetic fields can be used to contro
-the pinch size and position. In one enbodi nent a permane@j r%gpgﬁ@ﬁc

posi tioned above the pinch region reduces the pinch | ength. gnets can
al so be positioned in the aode as shown in FIG 28A Magnetic fields can
al so be applied to help confine the pinch. Applicants have al so
denonstrated that the shape and position of the pinch can al so be
controlled by noderating the preionization signal from preionizers 138 as
shown i n F1 furefifiodldink3hd pulipingOlnd! frionlatiaethaptsind sl agnalriiédsing and
tin provide vapors whic ke good active gases to produce radiation in
t he 13.5 rumapastipeffeelsnever, dealing with nmetal vapors is difficult. A 71

01 JUN 2006_t echni que for, providing target. erjal.at the pinch sidte is to
form a | i quMetaldargets ean ¥ ¢ vepﬂgyﬁgqay ogfﬂi“%ﬁf‘g‘é?’ sphy o%qragfpe %rfsl‘ %‘? d
form Wien g Ligul Qg SQRE 8Bh ckig) pBlsie drSerhR8 RS ol ook
di scharge ¢ %%@#%d‘i}a%giﬁgnlgﬁg? oe bﬁ%pﬂﬁ%‘\?gh{fggsbee heatliebg for deli vgry. The
target deli wesipersate, Sy, fwde~10°@ te o-50c%]). | Ehis tarbpique mppléss taagpy pinched (5 ust
the right amount of netal (partjicle s delivered, nog,e nmass .t han
needed. Thi Sagaelicelly di-eQmptessedh @F%ﬁ%‘g‘? Wi \BB‘EfF“(‘fe ﬁﬁéf’ﬁ%’@y Hﬁﬂtmn’
represent u - W FRET BesTic dEatiesdréd can
be deliver eﬁn@?ﬁg%eggg%}ﬁo%géﬁ g,%zgﬁ H%g’%ne, | %ﬁg; hgug?liiﬁgﬁ?ﬁ%ﬁ backi ng
pressure ispaRp) bed cagillatyhdischavgey , Thet liquid lban te detirearedi throughtthe dorswh gage
region and it can be avoided that the whgle ]gjé\s?harglgl c-%a er is filled
Wi th target injgetionipgrt ofsheidischasgs devies, spralbighee 9 €% 8F 0 ©a%5r WPF{ui ds
v. particleg in l.iguids. ate d ; : i 7185 >: : legher
Chian for  mireisqrafidvigBie BRI g B BRin B RO PE IRAUERE AT et
of the |i quihsith prasiurcap chbeBatkedas by very hivh-predsate cardgetmyphelivbegssaod bded. |t
is also nuch sinpler to just inject a liquid into th chanb&rédg{g'tlrger t han
const r uct i ngelivered @ thedisehargruepigarga aigk pezgele wilyvery sapal Qpenipg 80 heat
pi pe principle. . Tinnit.rL b e Mn iR 13idgefdM t O
14 nm EUV | ica‘n{o %ﬂé? g}lls g}ﬁi tﬁ%%%f@\ﬁ%? L%"?]lﬁllz‘ﬁ}s out_gg(?ag%g&grhéﬁgﬁieﬂ;at I on
was obser vedhajercrasses! tiegsinch region of the discharge. Additional gas may be inserted to

promote the development of an efficient pinch discharge. The liquid 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 stili of interest here.) The preferred solutions

are alcohols like iso-propanol, methanol, ethonol, etc., and also water or glycol.
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magnetic field was applied by means of a coil nounted as shown in FIG 28B
bel ow. The coil current pulse is showmn in FIG 30. This pul se produces a
magnetic field between 200 and 500 G at the end of the an@tdw?q

i nprovenent in preionization was seen as shown by the anode wave gﬁm in

FI G 29A. . The correspondi ng change in C2 waveformis shown in FIG 29B. The
application of the pulsed field resulted in a higher preionization density
in the anode cat hode regi on as evidenced by the drop in anode voltage
shown in FI G 29A. The EUV out put increased with the pulsed field. The in
band EUV waveshape is shown in FIG 29Cwith B on .and off. The.overall

dependence ®he ipreferitd/cherhipul compomildtare NRkKish ﬂhbﬂdé}qﬁﬁﬁxﬂ}]ﬁﬁﬁhﬂeﬁiﬂmdﬁﬁd I's
shown in the ugﬁ%rdc rve, of FIG 29C. The curves below this are wmth no

pul sed B fieP@ 5 adissolyed) i waterpfaviastanes Far Sif, flnc Cdnmd Ap puéfeirad from

el ectrode geQiigidng akd i .discussed 72.1 JUN 2006, herein including gas
punpi ng and pr el(%]\réi A |egﬁ§%§g%%€es§°z#§n&%§gwe&9#@ﬁ%?@ ¢ ComaRtves- dn
ef fects. Metaldifiar, gedtal sabtebendpitaw@r ed by nmeans of liquids, fluids,

solutions or suspensions. The conmpound has to be liquid at the given
(backi ng) pressure at tenperatures around room tenperature, say, from-10

Cto - 50 C g:Lhi: i appl i es,to any pinched magnetically .

sel f - conpr es?é?&‘ﬁ%'fei?ii@?‘g@ﬁw E ¥ 8&'{'%’?%% CRRE gempeynds. Likewises ipdiom | i ke
a dense pl asiirate O3PPY, kadriivér Rig - i = ode
triggered i nch;(ﬁg?_a cap?_l | ary di g&ﬁg?@h@?ﬁg&%ﬂ%&%@é rvered

t hr ough t he Nafianand grisro- paftishasiin solption onfusphssich ma alsgde dest. fenaysdsy b gur e
18A for exa for,.the case when  the discharge device is a DPF. In |
anot her enb(%ﬁ%dé%@sﬁ'ﬁﬂm noy 3pd micgRripgriichss bydurbulenes igto qmoseoupstecany can [
be backed upfiheliv@r shd'tiod sk BHid a8 all #6t defileAt M helium das and be o

delivered to the discharge region via a jet "nozzle with very snmall opening
(ca. 50 pmto ca. 10 m. In this way, the netal-containing liquidis

confined to a narrow liquigd,j.et. jet crosses the pinch region of the
di scharge. Additional gas %UW&I#BZH@&&O@ Eleaplrapadte devel opment of an
efficient piAshlicdh&phsiodeio spplchletindif ' S plaSan e, punped
away by a nearby du%phﬂ{)ortoswgﬁﬁ a vacﬁ%ﬁ%?ﬁﬁ&%ﬁ%glgﬁﬁﬁggw%

t hr ough t he light msultefromensiggticeleetronirapact] ect rode may al so al ternatively be

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 geheral, 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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operated such as to forma series of liquid drops or as a (nore diffuse)
liquid spray expansion. The liquids provide an easy neans of délivering
metals of optimal concentration, diluted in solution, to the discharge -
region. Heating of the netal to provide a netal vapor cang gﬁo% d. The
preferred netals are the ones that provide efficient EUV g neJ ion’in the
region of ca. 13 nun to ca. 15 run. They are: lithium tin, indium
cadmum and silver. Lithium (Li2+) has a strong transition at 13.5 nm Tin
(Sn), indium(In), cadmum (Cd) and silver (Ag) have strong 4d-4f
transition agrays. SiKEnSe e hitdst iRPoriGs hee, BYehE PHALIPE dpplies higo idother 15 nm
wavel ength region. (As one goes from 13 nmto 15 run, the peak -
~reflectivit ynatdrialws athdrtwaviebepgths ni(Rer exafmple: Eﬂvﬂltmlftjﬁﬁmyf@é@ bhéé%n but

their bandwidth in S ti.nme, efore, ra
~reflected i FRGHY af‘?ﬁ gﬁdg?) %ék?tél}%“ﬂ&ﬁ&ll&&?é@ﬂﬂ%{sl%&ggﬁ lﬁ% fimare
still of interest here.) The preferred solutions are alcohols Iike

i so-propanol, nethanol, ethonol, etc., and also water or glycol. 73 ,V 1
JUN 2006 The preferred chemMeﬂal Vemrd’tmdis:edrber Sputteringn f 1 uori de, |ithium

S T el e bt G2 Sl oD ek AR g
brom ne SO' }6\9 1?1%%1%%9%%? 4?‘9&@9%8]%16 thBtal é%g {d s‘ﬂﬁtteﬂ%ﬁ"v@{h aeidaties and

nitrates. ate I's one of the i nteresting conpounds.
Li kewi se, i Idebchairge wihichairediicen QB3] vaporamd also piotinees any Co4u08) Bpededricl

ELLBZLSP;H Pegmete e B isehan g, Ty a6 e BT DS A
ano- and MeehGaoPal 1000WER 1ial RE AHpRRECadd S 900 %&%&ﬁnﬁﬂ%ﬂ{ﬂﬁeﬁ’f The! i um

nd not use rquid at a or delrvery. Additional EU Li from

- Electron | npakd llﬂﬂﬁhlwﬁﬂtagwiﬁptﬁ‘mblg loapql iarEntlotia thewdntmbelédtgide apd oduced
by its plasma pinches with results fromenergetic el ectron inpact.

Br ensst r ahl @h@sm%bﬂlﬁcwgweﬂ%‘itﬁ‘ﬂ%ﬁh)‘“@@%r ated from energetic el ectron
impact on solids with suitable absorption edges generates EUV radiation in
addition to the EU/ radiation produced in the gaseous pinch plasma. This
i's the i dea Hop egffigleaApplidanfstfoutia géneration EUV sources produce about 5 Watts of in

band EUV energy at the interim focus 11 in FIG. 19. Applicanfs expect future design
using existing technology to boost this 5 Watts to about 45.4 Watis. 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 varicus 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 rmirrors 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.



of our DPF source, for instance, it is known that when operated with
positive polarity on the central electrode (=anode), an@fle&m gpgpeam
(with electron energies of several keV is produced which inpinges onto the
i nner front side of the center electrode. For 13.5 run radiation, Si
(silicon) is the suitable material to be placed here. The silicon L-
absorption edge occurs at 13.5 rim Therefore, the energetic electrons wll
produce 13.5 nmradiation. This is conpletely in addition to the main 13.5

nm radiatio oduced. t he xenon ions_in the pinch plasnma. Therefore,

nore EW radﬁ%‘? Fllfﬁe%aomt %léelyélﬁﬁ‘?%ép W?fflllfﬁtﬂt‘&'éhﬁmﬁﬁmm?ﬁh@ Whragfiot he
anode (in g r act e out
of silicon. eﬂl% Ilwét{:%rorgyh net ?%ﬁ%ﬁg}rtg%f%%ee%nggvpﬁ%ﬂ]“ﬂg{w §)‘° ld}r ?rﬁg €for

opt.i mal efflhemcsxachEs)melmnsmaslmnh@aprgﬂdcmmma&ﬁhﬁe of the tungsten anode.

Wthout silicon oat the pl ace f inpact (= present node of operation),

there is no ggéch of t absorption edge (e.,g., tungsten), consequently no
r

addi ti onal repdlegsho daisedmé@ataa@ﬂmthle teachiogs ofithés specificatinn vailllapplytoa s of

nost i nport r c I salsoto othe terials at
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FIG 24. Metal Vapor Produced by Sputtering preferred enbodi nents the

active gas (MRERREFHANGthere maydsadyaragsops foriusing thest pinchdevipesat wiwelengtha
singl e syste t tar ttered w an electric
di sghar gg whi vg?)‘%%{(}iu%gﬁge? '}p#gtage t?zg g’ﬁ&)h aqs"%gﬁ Wthf’é%osﬁ'hl} tPBFﬁ"?&?l on
needed to p;mjmhantlhnomliy db\%ﬁf‘carzgﬁut FhemSouwlige g%oﬁg&%%fl&‘%ﬁg{

anpl i

preferably is a nal ~generator, a 100 Watt |ine .
2000 WAt t co'r’ﬁl?ﬁmp ishowld beTpessiblotd dse thehieamiquest desctibedybéreinsfop rl@her abl y*-

| ocated in tral eI ectrode and the sputter discharge are
- g e

directed to Applicants fourth generation EW
sources produce about 5 Watts of |n band EW energy at the interimfocus

11 in FIG 1Bor ppjekiicilitibgeheah abtivdiikiciRs Wdild Asidg b%’@h%&éﬂ‘ﬂhx%ﬁ%ﬁ% ogy
to boost this 5 Watts to about 45.4 Watts. However, sone designers of EW

| i t hogr aphy WG@DI%SWWEOW’@IQQBHQW the réflectivicywangt efthe mlmtbrs usatfor t han
100 vatts. ARBLLSBOIG dHoANRRE afotv ARG Blrbighoul b direle GV Blelinad. 0304 Tinss

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.

R e i T T

Itis understpod 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 exmpie 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 descﬁptions areall

incorporated by reference herein. Many methods of generating high frequency high
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sources using the technol ogy described herein into one EUV system
WAVELENGTH RANGES The vari ous enbodi nents di scussed herei n have been

di scussed particularly in ternms of |[|ight sources produt@ rjgﬂmﬂ,tznp%i olet in
t he spectral range of between 12 and 14 nm This is because m r
suppliers have reported substantial success in the devel opnent of
multi-layer near normal mrrors, for UV light within these wavel engt hs
ranges:. Typically these mrrors have maximumreflectivities of about 0.6
to 0.7 in the 12 to 14 nmrange and the mrrors typically have a FWHM

bandwi dt h ofslaboblecRical pulses atepaildbleand bad beutiedi Amralrimative wiekiipto So t he
typi cal m nor onI}/_ covers a portion of the spectral etween .12 nm
18

range..
and 14 nu. kspiths liglupinzon sops temperature and fhusreeze gt both ﬂ%&e‘gm apd,the

carefully match the.spectral ut  of 7 ; e f kAl.oni@ange of
the refl ect™U8YSP 8% “t#ger?ﬁt? }%%é{'%h(%oc %teh?nég%ggtg%hg%tpﬁ% e?ltaggltﬁe Peam
such as t he iEftOwduid Flrtifen AR YheS aRDURY of RIebiis ewhidl @eachad ehe sipticéld al so
understand that the teachings of this specification will apply to a  nuch

br oader speaimminentsmged intibelithngraply teel siecetthe gpms wanlddepeapane ghed he
current extreme LTV, attention i.s focused. .Eor e | e ' can be
produced fof® ﬁ?‘?ehglltplﬂei Wﬁ%ﬁ'@’&“dﬁ&aﬁhei&?ﬁﬁ% e&gg\ggaiﬁ dgg%%%ga?gﬁ%{]g}eng
these pi nch;ME¥I6Rv todl B&preventedBydest BollecRngstictp rd-magbthet 50
nm In the. ?%?%ﬁagﬁf%&?rg%gbgosgi b?net to rsaég?ilg(j:ﬂeie _proj egl?il- onrl [ t%ggr aphy
down to abotadiafionpot Aireugh Bysngdi arificecindthe pyinpry dissharge chambps AIISG 2 | t
shoul d be pogssible to use the technigues descri bed hersi [

sour ces dowfifiesniighpYmpLng aFrgReenegy- bg IR ‘i?ﬂ’&&%‘%’%ﬁ@ ftéoﬁﬁ éﬂgtslgg(gend
faterial woul ganegts @hﬁ’iﬁoﬁ?i}ééﬁﬁoﬁfé'fﬁ&dhﬁhhlb& T18Y &hdine heeSden Shewn ook

em ssion line wthin e reflectivity . range of the mrrors used for the
proj ecti on giadiveiingsewnting waitéridd|depositicrugh e output windowy of SERRPYT PO 0d

e ore 120 IR AG et L L AR SRR
e NP Sa RS S GER e dabo v e
Of course, a very wide range of epetition rates are possible from single pulses to about
5 ‘pul.seS 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 s also adjustable to account for

erosion of the tip.

Many other electrode arrangements are possible other than the ones described above.
éy 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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It 'is understood that the above described enbodi ments ar eqnl Ilmtzﬂgﬁi ve of
«only a few of the many possi bl e specific enbodi nents whi Y! resent
applications of the principals of the present invention. For exanple,
instead of recirculating the working gas it may be preferable to nerely
trap the lithiumand discharge the helium Use of other electrode -
coating conbi nations other than tungsten and silver are also possible. For
exanpl e copper or platinumelectrodes and coati ngs woul d be workable. O her
techni ques for generating the pl asna(?#nia can be substituted for the
specific enbodi nent descri bed. Sone AMBse ot her techni gues are
described in the patents referenced in the background section of this
specification, and those descriptions are all incorporated by reference
herei n. MaWpahischided 5f generating high frequency high 76 11 JUN 2008
voltage electrical pulses are available and can be utilized. An alternative
woul d be to keep the lightpipe at roomtenperature and thus freeze out
both the lithium g ; i : engt h
of the I ght pi pe. Ty o fon 4B BRBRIEIE hieh RrkBliph fud higtl AeGiaciole; pled TT0:
of debris ercrgy pleoten seuree epuprisimg: conponents used in the |ithography

tool since the gtons uld be rmanently attached .to the |ightpipe walls
upon i npact. De%osi tq%ﬁS%QO%qrggﬁPlgggn}p&s iaé?u?ﬁfﬁfa&’”’f”ﬁ‘@er%?mﬁ?l%hy t ool

optics can be preverdledriil pidfgs ith Agrakids i Mo/ r&sdet 10RsHS 20@nd - | mage the
radi ati on spot through a small orifice in the primary di scharge chanber and
use a  differenBial PvasyPRrhambahgement. Hel i um or argon can be supplied

fromthe secon ch . .oni.fice into the first, chanber.. This
‘sghene has beegc'shO\;\aﬁ{wH) %‘%ngﬁ aéei?"?é%{*?lvngdi“hs%ﬁé%%‘ﬁ Fepidacuie il on on
the output windows ofongeisey avafftic shaisrcharakickiBbdiBy A GhliseorBe Bathissgd i n

the place of lithiu The unit may al so be ogerated as a static-fill
system w t hout the Kehexipare wiiravioley wavelergih rangs. el ectrodes. O cour se,

a very wide range of indal : ' [.nal |ses to
about 5 pul seglg per e}s%@gﬁ%ﬂdﬂ& g%@%&’é?ﬂ%&%tﬁgﬁg&&? lr%h%%@@l%sq?ﬁt%&ﬁg%lgs%%r
second. |f desired, spoeis saiff vasturevessebshartd produoe acldass StWags, ah@ageisiviet on of

the solid lithiumcoyld be nodified, so that the position of the tip of the
central el ectrode i séJ[éF%Sg eéﬁ?‘i}g t“;tﬁarvé‘)l%raél}f’é‘%rﬂt viayelengths Syigen gpidy grsired p.

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.

Y 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.

5. A source as in Claim 1 wherein said hot plasma production means is a
capillary discharge device.
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Many ot her el ectrode arrangenents are possible other than _he ones

- described above. For exanple, the outside electrode coul g i)e_llm)rzg[] haped
rat her than cylindrical as shown with the |larger dianeter toward the

pi nch. Also, performance in sonme enbodi nents could be inproved by all ow ng
the inside electrode to protrude beyond the end of the outside el ectrode.
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 forma generally cylindrical or conical

shape. This app?-odctoures gssnralaint hiwheeeis gaiteit plastna prodviotice nicanechbnaprisag t he
el ectrode _axis. because of..the resulting indyctive ballasting. Accordingly,
the reader™ %;’ic?%a{xgﬁ?rel?fowgl%?b "ﬁeetttwgl @Fo%@%?lﬁfﬁh In ?QSrEeB?a’élﬁ%
appended cdagd plasapth daBldculi@Oaksegqui val ents, and not by the exanpl es which
have been given. 77 01 JUN 2006 CLAIM5S What is clainmed is: 1. A production
| i ne conpatible, high repetition rate, high average power pulsed high

ener gy photon seupc bl sjng;, A a pulse ppwer system conprising a pul se
t ransf or mer forﬂp‘ﬁosgﬂlgclg%m élaggtlr\ﬁlaeg mﬁﬁﬂ@@ég\%mpﬁ p&‘ﬁﬁ‘&?f’%ﬁwg& OHPTSsHYe of
10 ns to 28Bsnepinbh devivASiduR ¢x0RI84ser frodafingdphis¥@ Material contained in
sai d vacuum chanber said active material conprising an atom c species

char act er i H8aviBlet laserchaemsidingeted aea plasmi praducetbizi pastbyeseid plaema pinchvicvicet
wavel ength range, D. a hot plasma production means for producing a hot
pl asma at a hot plasma spot is said vacuum vessel so as to produce at

least 5 Watts, &vérsgad @UeIClaint | hbatkin &1 kanRionl dollaMbPt&thpriRd i FatHBlat
wavel engths within said desired extrenme ultraviolet wavelength range, E. a

{radi ation ellert@tt i on and focusi ng nmeans for collecting a portion of said
ultraviolet radiation and focusing said radiation at an | ocation distant
from

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. A source 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.

14. A source as in Claim 13 wherein said multi-layer mirror unit is at least

partially parabolic,
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saird hot plasma spot. 2. A source as in Claim1l wherein sggejmt | asma
production neans is a dense plasma focus device. 3. A so M&Zﬁﬂﬁ Caim1l
wherein said hot plasma production neans is a convention z-pinch device.

4. A source as in Caim1l wherein said hot plasnma production neans is a

hol | ow cathode z-pinch. 5. A source as in Caim1 wherein said hot plasm
production neans is a capillary discharge device. 78 1 1 JUN 2096 6. A
source as in Caim1l wherein said hot plasma production neans conprises an
excinmer |aser providing a high repetition rate short pul se | aser beam for
generating saitb.pAasowece a8 maCllim dcandnalve sembprisidg aAlebris shieldalsaving fregwn 1

wherein said hot plasyma.productj opn neans ¢onpri ses | asma pi nch, devi ce
and an exdiTee ﬁ%?e%@ﬂﬁéoﬁa%@a SHPt f%{\?aéfsaéﬁ qugg?/ g@&n@"dﬁ"ﬁ@@ﬂ%&l at a
pl asma pr osiysed of detidy.t by said plasma pinch device. 8. A source as in

Claim1 wherein said radiation collector conprises a parabolic «collector.
9. A source as in Caiml wherein said radiation collector conprises an

11 i dal col]ectaor. 10. .A-sour s in im1l wherein said radjation
gol : gi? Ior corrpriog'e‘é BUECE AT ?aélﬂ ﬁg‘é’@?raﬁ‘lsaﬁ ‘feth‘F slig lér‘?Pmﬂl.SedAPfrs}@Edeé‘é as in
G ai m 1 whestetial séiotndiagipadsh@wa ] leBHEm6 CARESERRy By é@ge&mﬂlﬁpt or

conprising at |east one ellipsoidal reflector unit” and at ast one
hyperbolic reflector unit. 12. A source as in Caim1ll wherein said hybrid

Il ect i : I.1,i psoi dal , refl ector unit,. n east
fo hyper bol 16 Lo ieidue i, Gty 45" ARGR ' achit \FEICH cpripEPEnfed a”
hybri d col hdlotwoconeh s congitised 68meral foilul ti-layer mirror unit.

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,

24. The source as in Claim 23 wherein said powder batch material is hardened

by sintering,.
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14." A source as in Claim13 wherein said rmulti-layer m rrgr‘i lﬁm%t%quﬁ] at
* least partially parabolic. 79 01 JUN 2006 15. A source as i 1 and
al so conprising a debris shield having narrow passages aligned with said
hot plasma spot for passage of EUV |ight and restricting passage of '
debris. 16. A source as in Claim15 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 in Caim1l5 wherein said debris
shield is conprised of welded hollow cones conprised of netal foil. 18. A
source as in O &l hssapkesrasilp Claimy! whbreitssaithaativd nageriad apetiosendfram aggroup
plurality s bl 1 s] eek,. s]l ashed to, ¢create sai d passageways. 19.
The Sourceccgiélsﬁﬂég%%hg@,gﬁ}&ﬁl&@?1%% Eiug??fbiséfvﬁﬁgnet for producing a
magnetic field directed perpendicular to an axis of EUV beans for forcing
charged particles Lnto a curved trajectory 20. The source as in Claim 19
wherein sai d rmathet ¥ $0Wce as Habkim Ligherein, said vacupmecontaing én addition © saidn 19
wher ei n saj)GivERgAGTall ctromagnet. 22. The source as in Caim15
wherein SZ?%vdebrl Esal’sillngf%é%%&g a honeyconb debris shield. 23. The source as
in Caim22 wherein said honeyconb debris shield conprises hardened

pl astici zed pov%{e]rﬁg?tch material,. 24. The squrce as in Claim23 wherein
sai d powder bat SPYISP a5 dn (2310 h avheraly said ety mgtergh ininjeptod inosids.
The sour Ceva%%uinrbhgn%{'ﬂlﬂou‘gﬂ%%iéatrﬁ@é_d active material is chosen froma
group consisting of xenon, tin, [rthium indium cadiumand silver. 26.
The source as in CQaim1l wherein said vacuumcontains, in addition to said

tive material,,a-buffer gas. .
ar} 28.%TRE 'sotitce 38 ¥ Claim 15 and further comprising a gas control system to

create 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 ! wherein said active material is introduced into said

vacuurm chamber as a compound,

33. The source as in Claim 32 wherein the compound is chosen from a group
consisting of Li0,, LiH, LiOH, LiCl, Li;COs, LiF, Ch; and solutions of any materials in
this group. |
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27." The source as in Caim1l wherein said active material is injected into
» said vacuum chanber through an el ectrode. 28. The source le ygg\iqwﬁm 15
and further conprising a gas control systemto create a gas flowin said
vacuum vessel through at |east a portion of said debris shield in a
direction opposite a direction of EUV Iight through said debris shield. 29.
The source as in Claim28 wherein gas flows through said debris shield in
two directions. 30. The source as in Caim2 wherein said dense plasm
focus device conprises coaxial electrodes. 31. The source as in Claim30
and further condfti $htgouicgyasin Glagntli and fwtherscdmyprisingnd bser fog vapdrizireg spad from
a nozzle p&)&%éin?#%glon an opposite side of said hot plasma spot fromsaid
el ect r odes. ) € source as in Caiml wherein said active material is
i ntroduced into said vacuum chanber as a conpound. 33. The source as in
Cl aim 32 wherein the conpound is chosen froma group consisting of LiQ2,
Li H, LiOH, LicCl35.LThewpirce asin @iz 4aud Suther comprizting amRFnmtisei fat spuittering hi s
group. 81 Q1 ; Fce as in aiim 1 and further conprising a
laser for %%“E%#?A%]&%ﬁg)g’stg.ﬂé“@???‘@ IR QR NCRT 3fid Doteplaspiaspoh i ce as in daim 1
and further conprising an RF source for sputtering active material into a
| ocation within_or_near said hot plasma spot. 36. The source as in Caiml
and further condfi ERpurcensdn iaimak anshiuptherreomsisingprpreionizatien msaisn O ai m 1
wherein said preionization nmeans conprises spark plug type pins. 38. The
source as in Claim36 wherein said preionization nmeans conprises an RF
source. 39. The3Bolheeowmse aninGClairmlIwhdreinahnl maiodizatén MRaRBEShpraves bfark

prei oni zed %ri or to injection into said vacuum vessel .
plug type pins.

38. The source as in Claim 36 wherein said preionization means comprises an

REF 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 active material is preionized using a
preionization means comprising = aradiation 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.

43. The source as in Claim 2 and further comprising a capacitor means chosen to

produce peak capacitor current during a plasma pinch event.
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40. The source as in Caim39 wherein said active material is preionized
‘using a preionization nmeans conprising a radiation neans for directing
radiation to a nozzle to preionize active material prior gﬁai Ilﬁﬁ(ﬁﬁ Vi ng
said nozzle to enter said vacuum vessel. 41. The source °1l 0 m 26
wherein said buffer gas is chosen froma group consisting of helium and
neon. 42. The source as in Claim26 wherein said buffer gas conprises
hydrogen. 43. The source as in Caim2 and further conprising a capacitor

cvent. 82 01 30k 2086 SFo TRtk CBRRCL Rereiieid oot 2o By E5i unsee
pl asma f octmxthtviccodeodpfihing a ef@Nli cdct®lect rodes defining a central

el ectrode. 45. The source as in Caimd44 wherein said central electrode is
an anode. 46. The source as in C aim45 wherein a portion of said anode is

hol | ow and said fl hol | ow tip. di sion at.a tip.of said
anode and said %%?P@é\?v&&g%tﬁisgﬁ%lﬂ‘é} %ng%e@ igl‘g"el‘qﬁ& dechio ef%%ar@g?.d hol | ow
tip dinension. 47. The source as in Claim1 wherein said active material is
l'i thi um cont ai n%c: ifgfh porous tungsten. 48. The source as in Caim47 and
further conpri sthglahsqurceasdn&lam §9 wéerein 2 pertion af said anede isholew dnperidus

t ungst en. T r 1y I; erein.said centr.al, el ectrode is
wat er cool ﬁde%&:ﬁn@_ﬁg @gﬁgﬁigba%é%%ﬁ@ élfl?n 4512%1 d B??%g?&lé%lﬁp}}oﬁlgiwnﬁo “Heat
pi pe for chadbwngidsniid largarthamaidheltdw dgdim&kionThe source as in Caim 44
wherein said el ectrodes are designed for radial run down. 52. The source as

in Claim1l wherein said source is positioned to provide EUW light to a
-thography machy Nehe ShrcelEinSAWRE & AR iR sSH A SRS 1€ it BmP b5 i8f
‘sadid source is integrated 1nto sai I t hogr aphy machi ne.

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 elecirode 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

R

down.

52. The source as in Claim 1 wherein said source is positioned to provide EUV

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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83 1 JUN 2006 54. The source as in Caim44 and further conprising a
" sacrifice region between said electrode to encourage pOSt%ﬁl nﬁ% ﬁ@}charge
in aregion anay froma tip of said anode. 55. A source 44 and
further conprising a sputter source for producing sputter material to
repl ace material eroded fromat |east one of said el ectrodes. 56. A source
as in Caimb55 wherein said sputter source also functions to provide
preionization. 57. The source as in Oaimd44 wherein said central electrode
i'S an anode def out si de | s and fuyrther cqnprising insulator
material conpl e ‘E‘I ?g%ﬁ) RAEFS ?Fg‘nafﬁgj%awggurﬂﬁée?fﬁan%ﬁgaS%qﬂ%@déglogéetwﬂﬁ@
source as id AeBisbUSTo WRRARIG Al ﬂuﬁHQﬂfch%g%%dﬂégﬂﬁP?&@n% i of Rl
conprising insulator material ‘covering at Ieast a I hner
wal | s. 59.ame. source as in Caim44 wherein said eI ectrodes are conpri sed
at least in part of pyrolytic graphite. 60. The source as in Caim15 and
further conprising a shutter with a seal |ocated between said debris
shiel d and sai d5s.adhagdwece a9lih r zenent rpdes
and the debris shield w thout e%%gﬁo%p\?g%ufg}r%ﬁzﬁ g@rﬂqﬁﬂ% 3’ Sﬁ{&teggogﬁg e
col | ect or . Progucing spiitee eratesial 1o replapemaBriahetofied frvarat baspmicsif sgid afecabdest r ode
set arranged as a nodule with said debris shield so that the el ectrode set
and the shield can be easily replaced as a unit. 84 01 JUN 2006 62. A
source as in O 86.mAL swhies @k fin SMieh WB@?Swﬁé?émpsfaRﬂ?}&dt@Q s8urbOb1sB! AREHbrs So
sufficient to, produce at |east 45.4 Watts at said internediate focus. 63.
source as PIVIECHHPRIZYEY ei n sai d means for producing a hot plasma is
sufficient to produce at |east 105.8 Watts at said internedi ate focus. 64.
A source as in Claim1 wherein said active material is chosen to produce
EWV radiation wh1.hThe soureevalie Qitith Dewberein satiosehtraDelefirolid iPardhode 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 15 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 15 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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65." A source as in Claim1 wherein said pul se power systemis operating at
‘*repetition rates of at |east 6,000 pul ses per second. 66. A source as in
Claim 1 wherein said pul se power systemis operating at r%qti gghjmat es
of at least 10,000 pul ses per second. 67. A source as in C irrl'y ein
said radiation collector is designed to produce honogeni zation of said EUV
radi ation. 68. A source as in Claim2 and further conprising a nagnetic
means for applying a nagnetic field to control at |east one pinch
paraneters. 69. source as,in Claim68 wherein said paranmeter is pinch
length. 70. A s®ur eSS s & Glaimeh Whistaieissid gagans ferr prodecing ahopiphsimasikape.
71. A sour i j I 44 i d. paranet.er is pinch position. 72. A
source as éiiﬁﬁ%&g:t?np%%g?gll%ﬁﬁggiﬁwggg?evsceglcﬁ%ieé%e F’teiflgcuﬁel ivered to regions
of said lot plasma spot as a netal in fluid form 85 01 JUN 2006 73. A
source as in Aaim72 wherein said fluid formis liquid. 74. A source as in
d ai m 72 wher ei ¥ s4i $OUFGAH1T Gfamn k wheresn gaif gpeans 76, pradecing e droaplasmaGsai m
72 wherei biBnefth Wi ' i.Q0:. 16, sQurce as in Caim1l
wher ei n E&Vﬁﬁlgﬁttb#@éﬁﬁgﬁkg@ 12?%3\? Fpﬁ(;gr}ét Sg{ar%ﬁtg%f’?cﬁ%teg%cué’l ectron material is
collected along with EUW/ light fromsaid plasma hot spot. 77. A source as
in Cdaiml WnergA'n sai d act i,v?; material is a nmetal vapor ]Eroduced by
sputtering. 78. 9% SbieWes a8 10 Flamaf whergip spidi astizainepteseal iy ehosan do ipadduce
chosen t o PUYdUeRLoN RN RHEN ﬂ%?ﬂb@t’id@fhblohgﬁ}é drzkhe range of 0.5 nmto 50
nm 79. A pulsed high energy p%o on source conpfi3sirdg™ A a pul se power
system conprising a pulse transformer for producing electrical pulses wth

Muration in thecsange of 10.ns%lt.o 300 ns, B. a vacuum chanber, C._an
fadtive material cont AP WEY 2 At SRR JaWheinc Fidrpulse pamer s¥sternds mpewting|at

conpr i si ngrepetition 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. A source 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.

R

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 source as in Claim 68 wherein said parameter is pinch position.

72. A source as in Claim 1 wherein said active material is delivered to regions of

said lot plasma spot as a metal in fluid form.
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an ‘atom c species characterized by an enission line withi nﬁédm:m
“extrenme ultraviolet wavelength range, D. a hot plasma pro t ns for

producing a hot plasma at a hot plasma spot is said vacuum chanber so as
to produce at |least 5 Watts, averaged over said desired extrene )
ultraviolet wavel ength range, 86 01 JUN 2006 E. a radiation collection and
focusing means for collecting a portion of said ultraviolet radiation and
focusing said radiation at an |ocation distant from said hot plasna spot.

87 . .
73. A source as in Claim 72 wherein said fluid form is liquid.

74. A source asin Claim 72 wherein said fluid form is a solution.
75. A source as in Claim 72 wherein said fluid form is a suspension,

76. A source as in Claim 1 wherein EUV light produced by electrons

impacting an electron material is collected along with EUV light from said plasma hot
spot.

| 77. A source as in Claim 1 wherein said active material is a metal vapor
produced by sputtering.

78. 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.

79. A pulsed high energy photon source comprising;

A. a pulse power system comprising a pulse transformer for producing electrical pulses
with duration in the range of 10 ns to 200 ns.

B. a vacuuﬁl chamber,

C. an active material contained in said vacuum chamber said active material comprising

an atomic species characterized by an emission line within a desired extreme ultraviolet

- wavelength range,
D. a hot plasma production means for producing a hot plasma at a hot plasma spot is said

vacuum chamber so as to proeduce at least 5 Watts, averaged over said desired extreme

ultraviolet wavelength range,
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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.
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