- 1 - DESCRI PTI ON PLASMA LI GHT SOURCE AND PLASVA LI GHT GENERATI ON METHOD
SBACKGROUND OF THE I NVENTI ON  Technical Field of the Invention [0001] The
present invention relates to a plasma |ight source for ECIV (Extrene
Utra Violet) radiation and a 10pl asma _|ight generation nethod.
Description of the Related Art [ooog? Li t hography using EUV |ight sources
has been 15expected for mcroprocessing of next-generation sen conductors.
Li t hography is a technique to fabricate an electronic circuit by
reduction-projecting light or bé&mC&IE [&Msilicon-substrate through a mask
with a circuit pattern drawn thereon to expose a resist material to |ight.
EQ?LnlnuanrgcessiPP dLnensions of a circuit fabricated by optical

i thograp asi ca epend _on _t he wavel i rce. Thus, a
shorter-ma%%%%%%t%Iﬁﬁﬁh%gg%ﬁgc%NPsP%%g%%tf£$ﬁ£o$£¥ﬁ%£%ggﬁl%%ﬁ%ﬁﬁ of

next - generati on sem conductors, and research has been carried out for the
25devel opnent of such |ight sources. /

5 BACKGROQUND OF THE INVENTION

Technical Field of the Invention

[0001]
The present invention relates to a plasma light
source for EUV (Extreme Ultra Violet) radiation and a

10 plasma light generaticn method.

Description of the Related Art

[C002]
Lithography using EUV light sources has been
15 expected for microprocessing of next-generation
semiconductors. Lithography is a technique to fabricate an
electronic circuit by reduction-projecting light or beam
onto a silicon-substrate through a mask with a circuit
pattern drawn thereon to expose a resist material to light.
20 Minimum processing dimensions of a circuit fabricated by
optical lithography basically depend on the wavelength of a
light source. Thus, a shorter-wavelength light source is
essential for the development of next-generation
semiconductors, and research has been carried out for the
25 development of such light socources.
[0003]

A highest potential light source for next-



[ 0003] A highest potential light source for next- - 2 - generation
| ithography is an EUV |ight source, neaning light in the wavel ength
rangi ng fromabout 1 to 100 nm Since light in this range has a high
absorptance for all substances so t_hazt transm ssion optical systens such

as a 5l ens cannot be used, a reflecti‘on optical systemhas to be used. It

is very difficult to develop optical systenms in an EUV range, and such
optical systens show a reflection property only for limted wavel engt hs.

[ 0004] LRAarefdiect ilng hrigmagrhyf oramedr B Vindl tghtayssrarse  MFESIn W have
sensitivity at 13.5 nm has been al ready devel oped, and it is expected that

the devéligprentn dthea WaveHaraEphy anseid duetusioitd ilght® of°% A% wavel engt h
in conbination with the reflecting mrrqr, will enahl e praocessing
15di nensiigese LB Am &rhj{se@“gﬁoq}ae‘aalai ‘?}Um?é%rpgzcﬁfbcﬁecé%rmaclgopr ocessi ng

techni ques, the devel opnent. of a .lithography. Ilight..s C | th the
wavel enP SRS S Sin %rtd:éarﬂslnifsrsétﬁfﬁroﬁ,lcaanld%réas&egﬁ ﬁeulég}tht‘_i@]c om hi gh

enes gy densit | asna attracts att.enti.o .Q005] has tEEMEY ation
met odqueé]rS I%laﬁﬁ}&sg%r ¢ e|ocﬂasarnalraecft_a]"ne eelc{c}ﬂf aﬁ)g#i‘q%ceid Sryosutgeﬁ[}yaisnto | aser
produced plasmg ( LEP), dupeg and i scharas oraduead ol asp Rt ypes
driven by @ pul’'sed power technique. DPP has an advantage of a 25conversion

ef T Cl engy sHPGIOL | addPRibGese d Uyl @ed ritpanare Sedliifact |y
pl asma energy, and has an advantage of achieving a conpact
device aidJdOWy only for limited wavelengths.
[0004]

10 A reflecting mirror formed by multilayer of Mo/Si
to have sensitivity at 13.5 nm has been already developed,
and it is expected that the deveLopment of a lithography
technique using light of this wavelength in combination
with the reflecting mirror will enable processing

15 dimensions of 30 nm or less. To realize further advanced
microprocessing techniques, the development of a
lithography light source with the wavelength of 13.5 nm is
urgently required, and radiant light from high energy
density plasma attracts attention.

20 [0005]

Generation methods for light source plasma can be
classified roughly into laser produced plasma (LPP) types
and discharge produced plasma (DPP) types driven by a
pulsed power technique. DPP has an advantage of a

25 conversion efficiency superior to LPP because input
electric power is directly converted into plasma energy,

and has an advantage of achieving a compact device and low



- 3 - Cost. [0006] A conversion efficiency (Plasma Conversion Efficiency:
P.C.E) fromplasma to radiant |ight in an 5effective wavel ength band
(in-band) is represented by the follow ng expression (1): P. C. E =

(Pinband X T) /E "' (1) where P _ 3 - inband
is an EUV radiant light output in the in-band, T is radiation duration,
and E is energy input to 10plasnma. [0007] Typi cal el enents havi ng

radi ati on spectra in the in-band include Xe, Sn, Li and the |like. At an
early stagE-of the devel opnent, research on Xe was mainly conducted
15because of the ease of handling. In recent years, however, Sn has
attracted attenti®@f decause of high output and high efficiency, and

research on Sn is now bei ng copduct ed. AP itionally, there have been
growi ng expect ath &%“V%?S%‘g%r%gghﬂ%cil ﬁﬁﬁ“i Léaz‘i‘ﬁe%ﬁrhg a Lyman-a
resonan%efgiicnleenzc%j:u%.d-.rb)t htercirrl{]_ptiaans(%naarteoa'ra[cpioaonacl light in an
5 effective wavelength band (in-band) is represented by the
following expression (1}):

P.C.E = {Pimvana X T)/E - (1},

where Pippane 15 an EUV radiant light output in the
in-band, T is radiation duration, and E is energy input to

10 plasma.

[0007]

Typical elements having radiation spectra in the
in-band include Xe, Sn, Li and the like. AU an carly stage
of the development, research on Xe was mainly conducted

15 because of the ease of handling. In recent years, however,
Sn has attracted attenticn because of high cutput and high
efficiency, and research on Sn is now being conducted.
Additionally, there have been growing expectations for
hydrogenlike Li ions (Li**) having a Lyman-a resonance line

20 just in the in-band area.

[C008]

Radiation spectra from high-temperature and high-
density plasma are basically decided by a temperature and a
density of a target substance. According to a result of

25 the calculation on atomic process of plasma, for generating
plasma in the EUV radiation region, optimum electronic

temperatures and electronic densities are 10 to 30 eV and



Radi ati on spectra from high-tenperature and high-density plasnma are
basically decided by a tenperature and a density of a target substance.
According to a result of 25the calculation on atom c process of plasnma,
for generating plasma in the EUV radiation region, optinumelectronic
tenperatures and electronic densities are 10 to 30 eV and -4- 1018
cnrespectively, for Xe and Sn, and 20 eV and 1018CM 3, respectively, for
Li. [Oogg%SThe3above ment i oned pl asma Iight sources are 5disclgsed in
Non- Pat DIt UneRESPIChANS DY - ahdr PAE edC DBRuneft 49 $£H020f f@bnmpatent
Docunent, 1] SATO Hroto et al. "D scharge-Produced Pl asm
EWV 1050ur6§SP8FtEN€Hé’gr§ﬁﬁy'Ll OQD- 08- 28 [ Non- Pat ent Docunent 2]

Jeroen Jonkers, @&@&bpomer extrene ultra-violet (EUV) |ight sources for
future Iithograp | asma Sources Sci ence and Technol ogy, 15(2006)

S8- 516 15[0011]'ﬁﬁgu§ggvézﬁéﬂgggnéd plasma 1light socurces are

5 disclosed in Non-Fatent Documents 1 and 2, and Patent
Document 1.
[0010]
[Non-Patent Document 1]
SATO Hirote et al. “Discharge—-Produced Plasma LEUV
10 Source for Lithography”, ©QD-08-28
[Non-Patent Document 2]
Jeroen Jonkers, “High power extreme ultra-violet
(EUV) light sources for future lithcgraphy”, Plasma Sources
Science and Technology, 15(2006) S8-516
15 [0011]
[Patent Document 1]
Japanese Patent Publication No. 2004-226244,
“Extreme ultra-violet light source and semiconductor
aligner”
20 [0012]
EUV lithography light sources are required to have
a high average cutput, a small size cof light source, less
flying particles {(debris), and so on. In the current
state, a generated EUV light amount is extremely lower than
25 a reguired output, and so one of big challenges is to
develop light scurces with higher output. On the other

hand, an increase in input energy for higher cutput will



Japanese Patent Publication No. 2004-226244, "Extreme ultra-violet

source and sem conductor aligner" 20[0012] EUWV |t hography

sources are required to have a high average output, a small size of
| ess flying particles (debrjs%h_and so on. In the current state,

generated EUV light amount is extrenmely |ower than 25a required out

and so one of big challenges is to develop |ight sources with higher

source,

out put .
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system due to damage by heat |oad. Therefore, in order to realize
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Addi tionally, .since typical plasma in a high-tenperature a hi gh-density
state f Oaé{ﬂvbr]agg] a@ﬂ%%yex Oargv " Fapi cﬁ@f,l %rhce‘?rlasdiea%#eo%ldazﬁati on Tis

extgenely short. der to inprove the conversion efficiency, it becones

ma

a

inportant to sus&aln |l asma for a long time (in the order of m croseconds)

in a high-tenpergture and highsgdenst tyr siat ersrhd b, fori BN adi ation.
15[ 0014] Medi a such as”Sn and Li that are solids at room
t enper atdyf 88, \have & H gl S ReetHdE canveisi i iefdfiicdrency. On the ot her
hand, since such nedi a cause a phase change such as nelting and
evapor atiden dinrpliasia Fiordatt @i, c 20igifd wencies 0fhidebrtanysuectt as: neutral
particles (derivatives

10

15

20

25

and high-density state for EUV radiation expands rapidly,
the radiation duration t is extremely short. In order to
improve the conversion efficiency, 1t becomes important to
sustain plasma for a long time (in the order of
microseconds) in a high-temperature and high-density state
suitable for EUV radiation.

[0014]

Media such as Sn and Li that are solids at room
temperatures have a high spectrum conversion efficiency.
On the other hand, since such media cause a phase change
such as melting and evaporation in plasma formation,
influences of debris such as neutral particles (derivatives
from discharging) on contamination In the device are
increased. Therefore, improved target supply and recovery
system also is required.

[0015]

Currently a typical radiant period of an EUV
plasma light source is about 100 nsec, and the output is

extremely less than requirement. In order to satisfy both



from di scharging) on contam nation in the device are increased. Therefore,
i nproved target supply and recovery systemalso is required. [0015]
25Currently a typical radiant period of an EUV plasna |ight source is
about 100 nsec, and the output is e_xt%e_rrely | ess than requirenment. In
order to satisfy both - 6 - of high Tonversion efficiency and high
average output for industrial application, an EUW radiant period of 1 to 5
i Tsec has to be achieved with one shot. That is to say, in order to

devel op @ pliagnecdriwits isoure®f Wi tdndy gind dnvady sivorrBef fowimneyiompl asma in
a tenperature and density state suitable for each target has to be

const r ai et ftorial tapsl kiaeonatan 48t nadiade)pe s stfabl £EWV radi ati on
has to be achieved. [0016] 10Further, conventional capillary di scharge has
a dr anbatievfhiahd sk 12dtisaq vel radithtSEot i d BIfgt e becaus® plidsma i s

confined in a capjllary. SUVWARY OF THE | NVENTI ON.15[0Q17 . The
pr esent C?rrﬂf’e%tqcbﬁie}'uvfsl%%ean aesi‘faegjt%“tco%%mflﬁec W%%%e‘l%vﬁ?&%ﬂ' obl ens.
Th is, it.i.s an object of.the present. inventiaon t.o provi a plasnma

| i gaftht soeiﬁ%ecjawyd T 14 nt g%mrpeerlg ti”doPne née}}%od}nc%pt%l%ﬂ%e generating

20pl asmg, | 1ér d lEFé\écr@déaaggg@@ stabl y $or-@h dang Addres i m tihe «order of

m croseconds), ucing damage to constituting devices due to heat |oad,
i ncr easipg an gf flectdve nadiant sl idang epf generatad lasmdd ght, and

suppl ying plasnma nedi a conti nuously. 25[0018]
achieved.
[0016]
10 Further, conventional capillary discharge has a

drawback of the small effective radiant solid angle because

plasma is confined in a capillary.

SUMMARY OF THE INVENTION

15 [0017]

The present invention has been created to cope
with the above-stated problems. That is, it is an object
of the present invention to provide a plasma light source
and a plasma light generation method capable of generating

20 plasma light for EUV radiation stably for a lcng time (in
the order of microseconds), reducing damage to constituting
devices due tc heat load, increasing an effective radiant
solid angle of generated plasma licght, and supplying plasma
media continucusly.

25 [0018]

According to the present invention, there is

provided a plasma light source, comprising: a pair of



According to the present invention, there is provided a plasma |ight
source, conprising: a pair of - 7 - coaxial electrodes facing each other
a radiation environnent sustaining device that supplies a plasnma nedi um
into insides of the coaxial electrodes and holds the coaxial electrodes at
a tenperature and a pressure sui t abl € 5f or pl asma generation; and a

vol tage application device that applies a discharge voltage of an inverted
polarity to each of the coaxial electrodes, wher ei n tubul ar

di schar g&aixs sforred thetiwrefadie gpaiachofotteaxi al relddetriotes, and plasma is
confined in an 10axial direction of the coaxial electrodes. [0019]

Accor di rg vtiocamensf enrsed ienvad idesritceofthislte spipgderts ianwdrisivgn megacin coaxi al
el ectrode includes: a rod-shaped center el ectrode extending along a single
axi al | iim&o dnbsBugsulodr thhel deasliedt rdds tewdesuadichdotise ¢éft er el ectrode
wi th a constant space kept therebetween; and a ring-shaped insul ator
p05|t|oﬁ@@xﬁéﬂwééﬁcﬁﬁ@d§@n@éraeW@EEﬁG@éuéﬁdaPﬁeagﬁﬁﬁéséFébﬁPd&@ Pafd

electrically _insulating the center el ect rode fraomthe §pe .el ectrode, and

20tthe céMfePl&IS8¢ F6FEL ¢ A e A o @&ﬁ PP EEH e aﬁg posi ti oned
| th | I, th t d d with
al ong t%éﬁﬁla 2 |ngfﬁgpnnq erf and ar §ngﬁ%ﬁ;%§§ on b;Q%e Wi

a space vol fage appl ca

include%éc%_%%5|%ky%ogghggg%liggﬁggk&nat applies, to the center

wherein tubular discharge is formed between the

pair of coaxial electrodes, and plasma is confined in an
10 axial direction of the coaxial electrodes.

[0019]

According to a preferred embodiment of the present
invention, each coaxial electrode includes: a rod-shaped
center electrode extending along a single axial line; a

15 tubular guide electrode surrounding the center electrode
with a constant space kept therebetween; and a ring-shaped
insulator positioned between the center electrode and the
guide electrode and electrically insulating the center
electrode from the gulde electrode, and

20 the center electrodes of the pair of ccaxial
electrodes are positioned aleng the axial line common
thereto and are symmetrically positioned with a space kept
therebetween.

[0020]

25 The voltage application device includes: a
positive voltage source that applies, to the center

electrode of one of the pair of coaxial electrcdes, a



el ectrode of one of the pair of coaxial electrodes, a - 8 - positive

di scharge voltage higher than a voltage at the guide el ectrode thereof; a
negati ve voltage source that applies, to the center electrode of the other
of the coaxial electrodes, a negative discharge voltage | ower than 5a

vol tage at the guide el ectrode theredf;" and a tri gger switch that lets the
positive voltage source and the negative voltage source apply a voltage to
the respective coaxial electrodes concurrently. [0021] 10According to

anot her grafiartcediiemedigenio lafa geheripiesernthamventdldmge ke ithsul ator is
porous ceramc, the plasma |light source further includes a plasna
medi um foeddier eflkat ruiepltibes <l a&s megadivimviqitt@aehedursieddheft t he coaxi al
el ectrodes via the porous ceram c, and 15t he plasna nmedi um f eeder i ncl udes
a reser apiprl ke, ditg thise qeirdsira sdedi tumdeherfeithieamdhe thedt &9 i quefyi ng t he
pl asma medi um_ [0022] According to still another preferred enbo%li ment of
20 the presdatl SAeSHTCSES a 8 GRAFTITY sdacidedccd AL aacovicded HAC appl i es
| aser light to a surface of the.insulator of eafc_h of . th ai r _of coaxi al

el ect r oded Ay 39n étr Shisz A4 ISIE \)ﬁ]ter?t&ﬁ%fpﬁlhi%ﬁci gn ‘E‘t“i%ang1t of?%He di scharge

VO|tageé i%%%?khat lets the positive voltage source and the
negative voltage source apply a voltage to the respective
coaxial electrodes concurrently.

[0021]
10 According to ancther preferred embodiment of the
present invention, the insulator is porous ceramic,
the plasma light source further includes a plasma
medium feeder that supplies a plasma medium into the inside
of the coaxial electrodes via the porcus ceramic, and
15 the plasma medium feeder includes a reservolr
holding the plasma medium therein and a heater liquefying
the plasma medium.
f0022]
According to still another preferred embodiment of
20 the present invention, a ignition laser device is provided
that applies laser light to a surface of the insulator of
each of the pair of coaxial electrodes in synchronization
with an application timing of the discharge voltage.
[0023]
25 Preferably, the ignition laser device applies
laser light at a plurality of positions on a surface of

each insulator.



25Preferably, the ignition | aser device applies laser light at a plurality
of positions on a surface of each insulator. - 9 - [0024]

According to the present invention, there is provided a plasma |ight
generation nethod, conprising the steps._of: 5disposing a pair of coaxial

el ectrodes facing each other; supplying a plasma nmediuminto

i nsi des of the coaxial electrodes and hol ding the coaxial electrodes at a
tenperature and a pressure suitable for plasma generation; 10applying a

di schar ge voItagEO@¥4bn inverted polarity to each of the coaxia

el ectrodes so as, to nerat e sheet-discharge at.each_of the pair of
coaxi al el ect r od&s® ﬁﬁﬁ%%né?af@ep?%%%%pgllgﬁeﬁﬁﬁ e

erhediate position by the

sheet - di_schar ge, bet ween_t he. pai r ?25i | L5el ect 9ﬂ§§- ' ach

ot her; nrc W dka pvfat eanhjg%(ﬂ\%r(%%%lc e Igﬁ“eet -Acﬁg’sc%ar gelgl%t?%n%u ul ar

di schar n the pair of coaxial electrodes to formmagnetic field
oo oo o

confining asnma. [0025] 20According to the above-described apparatus
and; net hod of the gpesent invention, cshei apparatusodds! pdesng pain  of

coaxi al el ectrodes di sposed facing each other. A sheet-discharge current
(sheet - diigcharge) is generated at each of the pair of coaxial electrodes,
and the pair of 25sheet discharge causes plasma to be fornmed at an
i ntermedi at e possipmyiig tdep bpposedepaim Ditcoaxsalleel eCtrloeles. Next, the
sheet-di scharge is converted into
coaxial electrodes and holding the coaxial electrodes at a
temperature and a pressure suiltable for plasma generation;
10 applying a discharge voltage of an inverted
polarity to each of the cocaxial electrodes so as to
generate sheet-discharge at each of the pair of coaxial
electrodes and generate plasma at an intermediate position
by the sheet-discharge between the pair of coaxial
15 electrodes facing each other; and
then converting the sheet-discharge intoe tubular
discharge between the pair of coaxial electrodes to form
magnetic field confining the plasma.
[0025]
20 According to the above-described apparatus and
method of the present invention, the apparatus includes a
pair of coaxial electrodes disposed facing each other. A
sheet-discharge current (sheet-discharge) 1is generated at
ecach of the pair of coaxial electrodes, and the pair of
25 sheet discharge causes plasma to be formed at an

intermediate position cof the oppoéed pair of ceaxial

electrodes. Next, the sheet-discharge is converted into



- 10 - tubul ar discharge between the pair of coaxial electrodes to form

pl asma confining magnetic field (magnetic field bottle) confining the
plasma. As a result, plasma |light for EUV radiati on can be generated
stably for a long time 5(in the order of mcroseconds). [0026] As conpared
with conventional capillary dischargiRg=and vacuum di schar ged net al

pl asra, plasma is formed at an internedi ate position of the opposed pair
of 10coaxi al el ectrodes, and energy conversion efficiency can be inproved
signi fi camdner AR socHasid thetheadn |wded gl rach celeditalodel alutriavte plas m
formati on can be reduced so that damage to constituting devices due to
heat | oatbwamlkesrsi grirffiigsintd ynaghiced. £ k5[dD0@¥gnetic fielglrt her, since
pl asma as a plasnma |light em ssion source is forned at an internedi ate

posi t i orbaft ltehe aspposEdipdilre dflavmd alPeldectavdes, i ¥1F itdhfe radi ant
solid angle of the generated plasma |ight cankﬁgrincreased. 20[ 0028]
The i nsui%at ¢iVY afde ish sorbde &ﬁ'%ﬁ%e%ﬁ&% disrfa 19ht" rce

further jncludes a plasma nedium feeder that supplies a plasma nediuminto

t he’ i nsi dds 9 (Helodk " T1%T via the porous ceramic. Wth this
(0026}

As compared with conventicnal capillary
discharging and vacuum discharged metal plasma, plasma is
formed at an intermediate position of the opposed pair of

10 coaxial electrodes, and energy conversion efficiency can be
improved significantly. As a result, heat load to each
electrode during plasma formation can be reduced so that
damage to constituting devices due to heat load can be
significantly reduced.

15 [0027]

Further, since plasma as a plasma light emission
source is formed at an intermediate position of the opposed
pair of coaxial electrodes, an effective radiant solid
angle of the generated plasma light can be increased.

20 (0028]

The insulator is made of porous ceramic, and the
plasma light source further includes a plasma medium feeder
that supplies a plasma medium into the insides of the
coaxial electrodes via the porous ceramic. With this

25 configuration, the plasma medium can be supplied

continuously.



25configuration, the plasma nedi um can be supplied continuously. BRIEF

DESCRI PTI ON OF THE DRAWNGS [ 0029] Fig. 1 illustrates a plasm
| i ght source according to Enbodi ment 1 of the present invention. 5Fig. 2A
illustrates a state where sheet-discharge occurs. Fig. 2B illustrates a
state where sheet-discharge is rvanE;. Fig. 2Cillustrates a state where
plasma is 10formed. Fig. 2D illustrates a state where magnetic field
confining plasma is forned. Fig. 3 illustrates a plasma |ight

source according to BRIGU METRCR RIFLGM D rieEe MRANNVER | on. 15Fi g. 4
illustrates a plasna light source according to Enbodi ment 3 of the present
i nvention. [0022)Fig. BA illustrates a plasma |ight source according

to Enbodi ment 4 of the present invention.
Fig. 1 illustrates a plasma light source according

to Embodiment 1 of the present invention.
5 Fig. 2A illustrates a state wherec sheet-discharge
occurs.
Fig. 2B illustrates a state where sheet-discharge
is moving.
Fig. 2C illustrates a state where plasma is
10 formed.
Fig. 2D illustrates a state where magnetic field
confining plasma is formed.
Fig. 3 illustrates a plasma light source according
to Embodiment 2 of the present invention.
15 Fig. 4 illustrates a plasma light source according
to Embodiment 3 of the present invention.
Fig. 5A illustrates a plasma light source
according to Embodiment 4 of the present invention.
Fig. 5B is a cross-sectional view taken along the
20 line B-B of Fig. 5A.

Fig. 6A illustrates overview of an experimental

device.
Fig. 6B schematically illustrates a straight-type
capillary.
25 Fig. 6C schematically illustrates a taper-type
capiliary.

Fig. 7A illustrates a typical EUV sigral of



Fig. 5B is a cross-sectional

Fig. 6A illustrates overview of an experinental device. Fig. 6B
schematically illustrates a straight-type capillary. 25Fig. 60

schematically illustrates a taper-ty

typi cal

EWV signal of taper type.

vi ew taken along the 20line B-B of Fig. 5A

capillary. Fig. 7Aillustrates a

EW signal of - 12 - strafgﬁ? type. Fig. 73 illustrates a typica

an experinment of 5cusped nagnetic field guide discharging.
schemat iscaldiyht tyster.at es the configuration of a counter-facing plasma
f ocus appar at us. Fig. 10Aillustrates the state where current
sheets collide diea céhtierlumtnvedens tshet wtiesty ddBs signal of taper

10

15

20

25

type.

Fig. 8 schematically illustrates an experiment of
cusped magnetic field guide discharging.

Fig. 9 schematically illustrates the configuration
of a counter-facing plasma focus apparatus.

Fig. 10A illustrates the state where current
sheets collide at a center between the electrodes.

Fig. 10B illustrates the time when a magnetic
field confining plasma is formed.

Fig. 10C illustrates the time when EUV light is
emitted.

Fig. 11 schematically illustrates an experimental
device for a plasma light source including coaxial

electrodes.

Fig. 12A ililustrates an experimental result
showing the extending of a current sheet at the coaxial

electrode.

Fig. 128 illustrates another experimental result
showing the extending of a current sheet at the coaxial

electrode.

DESCRIPTICN OF THE PREFERRED EMBCDIMENT

[0030]
The following describes preferred embodiments of

the present invention with reference to the attached

Fig. 8 schematically illustrates

Fig. 9



10Fig. 103 illustrates the tinme when a magnetic field confining plasma is
formed. Fig. 10Cillustrates the tine when EUV light is emtted.

Fig. 11 schematically illustrates an experinental 15device for a plasm
l'i ght source including coaxi al elegt; des. Fig. 12A illustrates
an experinmental result showi ng the extending of a current sheet at the

coaxial electrode. 20Fig. 123 illustrates another experinental result
showi ng the extending of a current sheet at the coaxial electrode.

DESCRI PHrGN i0lg sTHE IPREFERRER EVREDI MENE 125[:0@30)e Thenchrgllisowiidd é@escri bes
preferred enbodi nents of the present invention with reference to the

att achedssign®d tdr ammes: Har tshandr airdgssa teshslessrdipddc@ nuneral s wil |l

be assigned to common parts and duplicated description therefor will be
onitted%hFG@iPF will H% omitted. P P
[0031]
5 Fig. 1 illustrates a plasma light source according

to Fmbodiment 1 of the present invention.
In this drawing, the plasma light source of the
present invention includes a pair of coaxial electrodes 10,
a radiation environment sustaining device 20 and a voltage
10 application device 3C.
[0032]
The pair of coaxial electrodes 10 is disposed
facing each cther centering a symmetry plane 1.
kach coaxial electrode 10 includes a rod-shaped
15 center electrode 12, a tubular guide electrode 14 and a
ring-shaped insulator 16.
[0033]
The rod-shaped center electrode 12 is an
electrical-conductive electrode extending on and along a
20 single axial line Z-Z. In this illustrated example, an end
face of each center electrode 12, facing the symmetry plane
1, is provided with a depression 12a configured to
stabilize a sheet-discharge current 2 and tubular discharge
4 described later. This configuration is not essential,
25 and the end face of each center electrode 12, facing the
symmetry plane 1, may have an arc shape or a flat shape.

[0034]



5Fig. 1 illustrates a plasma |ight source according to Enbodinent 1 of the
present invention. In this drawing, the plasma |ight source of
the present invention includes a pair of coaxial electrodes 10, a

radi ati on environment sustaining devige 20 and a vol tage 10application
devi ce 30. [0032] The pair Of Coaxial electrodes 10 is di sposed
facing each other centering a symmetry plane 1. Each coaxial electrode 10
i ncl udes a rod-shaped 15center electrode 12, a tubular guide el ectrode 14
and a ring-shapetha nsubhatar J6id¢ 0OB3}t ddve rol- shapedhdentier el ectrode 12
is an electrical-conductive el ectrode extending on and along a 20si ngl e
axi al | igentaz ellavtrice 14 ustrlatedexdlte, sratendflace of each center

el ectrode 12, facing the synmmetry plane 1, is provided with a depression
12a confitfueke te Stapila e & Rhedta gt g difent Deaftasibul ar

di scharge 4 described later. This configﬂga ion is not ess 25and

tial
t he end st LG 3teht S 6 T ot i gt e %m%r}i/l%dane 1, may

hav5e an arcce SE) %%c%r cﬁlif eatelsehcaé)reddé 01043,4]fac_in1g4 the symmetry plane

1, may be an arc shape or a flat shape.
[0035]
The ring-shaped insulator 16 is an hollow-
cylindrical electrical insulator positioned between the
16 center electrode 12 and the guide electrode 14, and
electrically insulates the center electrode 12 from the
guide electrode 14.
The shape of the insulator 16 is not limited to
this example, and the insulator 16 may be in other shapes
15 as long as it can electrically insulate the center
electrode 12 from the guide electrode 14.
[0036]
The above-stated ccaxial electrodes 10 as a pair
include the center electrodes 12 positioned along the
20 common axial line Z-Z, and are symmetrically located with a
space kept therebetween.

[0037]

The radiation environment sustaining device 20
supplies a plasma medium to the inside of the coaxial
25 electrodes 10, and keeps the coaxial electrodes 10 at a
temperature and a pressure suitable for plasma generation.

The radiation envirconment sustaining device 20 may



The tubul ar gui de el ectrode 14 surrounds the center electrode 12 with a
const ant space kept therebetween, where a plasnma nediumis held. The

pl asma nedium preferably is a gas such as Xe, Sn, or Li. An end 5face of
each guide el ectrode 14, facing the symetry pl ane 1, nmay be an arc shape
or a flat shape. [0035] The ¥ing-shaped insulator 16 is an

hol | ow-cylindrical electrical insulator positioned between the 10center

el ectrode 12 and the guide electrode 14, and electrically insulates the
center éleectardtgurzd romht e aiwen etfegtrgde al4.emperature The shape of the
insulator 16 is not limted to this exanple, and the insulator 16 nmay be
i n ot herr shaFe 11535 Yasraigiicar®l cethiaHd yShdtt e détt er

el ectrode 12 fromthe guide el ectrode 14. [0036] The above-stated coaxi al

el ect r od€¥ 0 sl AUt tHE cehtétt 6%t v o%‘i:}ﬁroned al ong
kept _t hrBE e TU0S7S TifE S di 516 onvi r onment Sust ai ni ng devi ge. 20
sugplies a plasnﬁmﬁﬁgfun1to the inside of the coaxial

The voltage application device 30 applies a
discharge voltage of an inverted polarity to each of the
coaxial electrodes 10.

Tn this example, the voltage application device 30

10 includes a positive voltage source 32, a negative voltage
source 34 and a trigger switch 36.

The positive voltage source 32 applies, to the
center electrode 12 of one (in the example, left side) of
the coaxial electrodes 10, a positive discharge voltage

15 higher than that at the corresponding guide electrode 14.

The negative voltage source 34 applies, to the
center electrode 12 of the other {in the example, right
side) of the coaxial electrodes 10, a negative discharge
voltage lower than that at the corresponding guide

20 electrode 14.

The trigger switch 36 activates the positive
voltage source 32 and the negative voltage source 34
concurrently, so as to let the positive and negative
discharge voltages concurrently applied to the respective

25 coaxial electrodes 10.
With this configuration, the plasma light source

of the present invention generates tubular discharge



25el ectrodes 10, and keeps the coaxial electrodes 10 at a tenperature and
a pressure suitable for plasnma generation. The radi ation environnent
sustai ning device 20 may - 15 - be configured with a vacuum chanber, a
tenperature regul ator, a vacuum device and a plasnma nedi um feeder, for
exanple. This configuration is not “es8eftial, and ot her configurations

al so are possible. 5[0038] The vol tage application device 30
applies a discharge voltage of an inverted polarity to each of the coaxi al
el ectrodgest®ibed later) bethWdrhitheexanpl ef tdhaxicllt age appidesatliton

devi ce 30 10i ncludes a positive voltage source 32, a negative voltage

sour ce 3hdanthnd itndsggdarassw tich 136 axial direfHeggositive voltage source 32
applies, to the center electrode 12 of one (in the exanple, left side) of
t he coaxial el ect®®tels 10, a positive discharge voltage 15higher than that

at the corresponding gui de el ectrode 14. . The pegative vol tage
source 34 appli €5i9%0 he et rxrRb et ridife ARG IHe Bt Here (B e

Vol Bge VSR SETERA Kt T 1 e oot rbepanci g S UE S0 oA T
hegat | ve ST S Briso L34 Boteurtentiy. So e AT et ThEpeaTve and
25caax AT bl oQUe L6 (1 TS BB’ S i o, CFe Hiaern T ere sour ce
of the RRESENLIJENtI O GeNLS athry tikyl ap dilsGhangfes a state

where magnetic field confining plasma is formed.

10 Referring now to Figs. 2A to 2D, a plasma light

generation method of the present invention is described

below.
[C040]
In the plasma light generation method of the
15 present invention, the above-stated pair of coaxial

electrodes 10 is disposed facing each other, the radiation
environment sustaining device 20 supplies a plasma medium
to the inside of the coaxial electrodes 10 and keeps the
coaxial electrodes 10 at a temperature and a pressure
20 suitable for plasma generation, and the voltage application
device 30 applies a discharge voltage of an inverted
polarity to each of the coaxial electrodes 10.
[0041]
As illustrated in Fig. 2A, the applied voltage
25 generates sheet-discharge current (hereinafter called
sheet-discharge 2) at a surface of the insulator 16 of each

of the pair of coaxial electrodes 10. The sheet-discharge



- 16 - (described |ater) between the pair of coaxial electrodes 10 and
confines plasma in the axial direction. [0039] Figs. 2A to 2D expl ain the
operation of the plasma 5light source of Fig. 1. Fig. 2A illustrates a
state where sheet-discharge occurs, Fig. 2B illustrates a state where the
sheet -di scharge is noving, Fig. 20-ilfustrates a state where plasma is
formed, and Fig. 2D illustrates a state where magnetic field confining
plasma is formed. 10Referring nowto Figs. 2Ato 2D, a plasma |ight

gener at ion Jmet hed of Jthhe pr esent iiventdrerrits tdescrilbed helrows [[G@40] In

the plasnma |ight generation method of the 15present invention, the

above- stated aiikefrceeaxizalarel ecly egasicl @ lies tdicgleosed afacitmg-each ot her,
the radiation environnent sustaining device 20 supplies a plasnma mediumto
t he i nsiddecefs ithe 1cgaxi-alerelsectveoded cl@darfd-creaps: tehd adoahiralctéloact r odes
10 at a tenperature and a pressure 20suitable for plasma generation, and
the vol age happloscdtilor ldetireled0 ldpplitesta wdildchar gelvsid age of an
inverted polarity to each of the coaxial electrodes 10. [0041] As

i | lfust r Atced riemtFisgec2X irh& hepplealed dsiacggeed examples.

At this time, the center electrode 12 of the
coaxial electrode 10 on the left side is charged with
positive voltage (+), and the guide electrode 14 thereof 1s
charged with negative voltage (-), whereas the center

10 electrode 12 of the coaxial electrode 10 on the right side
is charged with negative voltage (-), and the guide
electrode 14 thereof is charged with positive veltage (+).

Alternatively, the guide electrode 14 on each side
may be grounded to be kept at C V, and the center electrode

15 12 on one side may be charged with positive voltage (+) and
the center electrode 12 con the other side may be charged
with negative voltage (-).

[0042]

As illustrated in Fig. 2B, the sheet-discharge 2

20 moves in a direction {(direction toward the center of the

drawing) emitted from its electrode due to self magnetic

field.
[0043]
As illustrated in Fig. 2C, when the sheet-
2D discharge 2 reaches an end of each of the pair of coaxial

electrodes 10, a plasma medium 6 sandwiched between the

pair of sheet-discharge 2 becomes at a high density and a



25gener ates sheet-di scharge current (hereinafter called sheet-discharge 2)
at a surface of the insulator 16 of each of the pair of coaxial electrodes
10. The sheet-discharge - 17 - 2 is a sheet-shaped di scharge current that
flows across the center electrode 12;and the gui de el ectrode 14 and

t wo- di nensi onal | y extends when viewed fromthe axial direction of the
coaxi al el ectrodes 10, which wll be caIIed a 5"current sheet" in the

bel ow descri bed exanples. At this tine, e center, ctrode 12 of the
coaxi al 1Bt SRS 0T 1 i 1" W @s ¢ v?nst YIE iVe ol t age

¥ d t | ect.rode 14 t f is charged th |
(1) enertas etetio?sl%%eqe%c&artﬁﬂre‘i%yémﬁﬁ%ev” B0 HE ode 10 on' Lhe

“ght Slgef e *1%&9& &@s hﬁz& poas%ed Ecch f1d 1%%1;% e glectrode

14 thereof i's ch arge |ve Vi ternatively,

the gui ge. el et rad eg%fo reash sie 0. groundeg 40, he, epinat O V. and

the center ectro 151 on one si may be charged with positive voltage

(+)s and ﬁﬂafsn%erﬁ xRt riode Ji%_ngrtetdﬂesnmﬂera_r%ad_e y-bercharged with
negative voltage (-). [0042] As illustrated in Fig. 2B, the

sheet - diesGhRAIBO P a2 WIVaSd pla s eCtdepredrd recidoan whesward duwel cent er of
the drawing) emtted fromits electrode due to self magnetic field. [0043]
from the direction of the axial line Z-Z2. As one example,
the plasma 3 extends in an area of only about 1 to 2 mm in
the direction perpendicular to the direction of the axial

10 line Z-Z, and extends in an area of only about 3 to 4 mm in
the directicn of the axial line Z-Z. Dimensions of these
arcas will vary in accordance with the dimensions of the
coaxial electrodes 10 and other discharge conditions.

[0044]

15 Further, in this state, the opposed pair of center
e¢lectrodes 12 is charged with positive vecltage (+) and
negative voltage (-), and similarly the opposed pair of
guide electrodes 14 is charged with positive voltage (+)
and negative voltage (-). Accordingly, as illustrated in

20 Fig. 2D, the sheet-discharge 2 is converted into tubular
discharge 4 discharging between the opposed pair of center
electrodes 12 and between the opposed pair of guide
electrodes 14. Herein, the tubular discharge 4 means a
hollow-cylindrical discharge current surrcunding the axial

25 line Z2-7.

When this tubular discharge 4 is formed, plasma

confining magnetic field (magnetic bottle) indicated by



As illustrated in Fig. 20, when the sheet- 25discharge 2 reaches an end of
each of the pair of coaxial electrodes 10, a plasma nmedi um 6 sandw ched
bet ween the pair of sheet-discharge 2 becones at a high density and a -
18 - high tenperature, so that si ngli plasma 3 is fornmed at an

i ntermedi ate position (at the symret 9 pl ane 1 of the center el ectrodes
12) of the opposed coaxial electrodes 10. Herein, "single" in the "single
pl asma 3" nmeans that the 5plasma 3 extends in a limted small area. Such
an ext endifrg carcea rafmdrel g aismec 8 appedirsy d sspoirmsien wheswdd from t he
direction of the axial line Z-Z. As one exanple, the plasma 3 extends in
an ar eamofasorl \B alzouteel aan2inad iim the diadial ottrp%rtoemmfm dhq o the
direction of the axial 10line Z-Z, and extends in an area of only about 3
to 4 mmaxiahadidia®dtdon of the axial line Z-Z. Dinensions of these areas

wi Il vary in accordance with the di rrensr on][ﬁ % t he coa el ectrodes 10
and ot her di scharg: c]o‘?‘rdlft}r%rf%aglf%%h] E= ek?ec‘?rﬁe?ﬁrasr%ﬁ a‘tré t he

opposed pair of center el e tro i s.charged 03|t|v oltage (+)
d5 neg evge\?d:letraé)@r( )an ' H%}t r?&cgeppodémedqpogl ft
electro S char e s e e voltage
- AcgC it ﬁ'lsma as | 32981 QQJ&L%% éa?dl et d| sceharge 2 1s
convert int cﬁJaS&i"acrr% ng fgtween the opposed pair of
center %Iqiectlr oﬁ&es 1 gL et vveen e opposed pair of guide el ectrodes 14.

Her ei n, Hta@%ett‘i@"|ﬂ"es@%%’x@df€ﬂ@%ﬁﬂ&ﬂ§%@'ﬁl@ﬂa€aﬂ H sghar ge

current surrounding the axial 25line Z-
center pogition. Further, the plasma 3 is compressed (Z-

10 pinched) in the direction toward the center by self
magnetic field of a plasma current, and is constrained in
the radial direction as well by self magnetic field.

In this state, energy corresponding to light
emission energy of the plasma 3 continuously supplied from

i5 the voltage application device 30 allows plasma light 8
(EUV) to be generated stably for a long time with high
energy conversion efficiency.

[0045]
According to the above-described apparatus and

20 method of the present invention, the apparatus includes a
pair of coaxial electrodes 10 disposed facing each other.
A sheet-discharge current (sheet-discharge 2) is generated
at each of the pair of cecaxial electrodes 10, and the pair
of sheet discharge 2 causes single plasma 3 to be formed at

25 an intermediate position of the opposed pair of coaxial
electrodes 10. Next, the sheet-discharge 2 is ccnverted

into tubular discharge 4 between the pair of cocaxial



When this tubular discharge 4 is formed, plasma confining magnetic field
(magnetic bottle) indicated by - 19 - reference nuneral 5 in the draw ng
is formed, whereby plasma 3 can be confined in the radial direction and
the axial direction. That is, the nagnetic bottle 5 beconmes | arge on 5t he
center part and small on both sides d%e to pressure of the plasma 3 so
that nmagnetic pressure gradient in the axial direction is fornmed toward
the plasnma 3. This nagnetic pressure gradient constrains the plasna 3 at
the cent@le Residesono Farihgiladme qrasmnd i geenpressed d 2 10pi nched) in
the direction toward the center by self magnetic field of a plasma
current , (machets o aistidaibred: lien $)hearedirdingdithec tilesnss 3vel [Ashy sel f
magnetic field. In this state, energy corresponding to |ight

em ssi orresndrtgy pdfasiiae 1plodsire & 3t inagowsiiyprs @el iked Farehalsche vol t age
application device 30 allows plasma |ight 8 (EUV) to be generated stably
for a | eightlivmEowi &h Usingh tmer giiie diviercdicet & MEieiTdRCqrotM5] Accor di ng
to the above-descri bed apparatus and 20 nmet hod of the present invention,
the apparatus i fd4fdds a pair of coaxial electrodes 10 di sposed facing

cach of the pai PO CERAG o CbiF O T0F Hnd T 8T of sheet d schar ge
2 ousS TS Ien PR Yol QP TR V| BB S Lion o the
converted J.ato 5 yaular discharge i4.Retwean dheRaiv; of oAl
opposed pair of coaxial electrodes 10, and energy
10 conversion efficiency can be improved significantly (10
times or greater). As a result, heat load to each
electrode during plasma formation can be reduced so that
damage to constituting devices due to heat load can be
significantly reduced.
15 [0047]

Further, since plasma 3 as a light emission source
of plasma light is formed at an intermediate position of
the opposed pair of cecaxial electrodes 10, an effective
radiant solid angle of the plasma light generated can be

20 increased.
| [0048]

Fig. 3 illustrates a plasma light source according
to Embodiment 2 of the present invention.

In this example, a ring-shaped insulator 16 is

25 made of porous ceramic. The plasma light source according
to the present invention is further provided with a plasma

medium feeder 18.



- 20 - electrodes to formplasma confining nagnetic field 5 (magnetic
field bottle 5) confining the plasma 3. As a result, plasma |light for EU/
radi ati on can be generated stably for a long tinme (in the order of

m croseconds). 5[0046] As conpared_whth_conventional capillary discharging
and vacuum di scharged netal plasm, single plasma 3 is forned at an

i nternmedi ate position of the opposed pair of coaxial electrodes 10, and
energy 10conversion efficiency can be inproved S|gn|f|cantly (10 tinmes or
greater). As a risulnladientng teeedh et rode ¥iad ng? pl asma f or mat i on
can be reduced so that damage to constituting devices due to heat |oad can
be si gnifitddrty %/Crcé’&li’(?éd‘ﬂltg{ gouAuter face rtthr?erpo@%&eﬁaé%lﬁ:a 3 as a

| i ght emésmn sourge of pI srra I| ht, is f at, an | nte nmedi at e

positio afm é1”eé:t es”fdL ¥ ective
radi ant sal i.d .angl e..of I | i.ght er.at can 20i ased.
[0048] CRR{al i trfdt ﬁuogt etntaweeargp ac%‘?n% 3 %I%Csourcgee acca{(;l(r:cg:%ng to
Uik hdhe RLsant JiaHd Uhrdfh tayz%na@m@ e, a ring-shaped
|nsulat de “of porous ceéramc. The plasma |ight source

according to t hekoH %lee@mal YEM b RNr d Sadpridieri ravi ded i e 2 pl asma
medi um f eeder 18. -

includes a reservoir 18a {(e.g., a crucible) keeping a

plasma medium 6 therein, and a heater 18b that liquefies

the plasma medium. The plasma medium preferably is Sn, Li

10 or the like that is a solid at room temperatures, in this
exanple.

The cother configuration is the same as in
Embodiment 1.
[0049]

15 In the plasma light generation method of the
present invention, using the plasma light source of Fig. 3,
the porous ceramic 16 is heated and maintained at a
temperature such that the vapecr pressure of the plasma
medium 6 {e.g., Sn, Li) is at a pressure (Torr order)

20 suitable for plasma generation, thus making the interior of
the coaxial electrode 10 (between the center electrode 12
and the guide electrode 14) in a vapor atmosphere of the
plasma medium 6 of Torr order.

Further, electrode conductors {(the center
25 electrode 12 and the guide electrode 14) are kept at a high

temperature so as not to cause the aggregation of steam of

the plasma medium 6.



The plasma medium feeder 18 is provided in intimte contact with an outer
face of the porous ceramc 16, and supplies a plasna nediuminto the

i nside of a coaxial electrode 10 (between a center electrode 12 and a

5gui de el ectrode 14) via the porous ?granic 16. The plasma nedi um f eeder
18, in this exanple, includes a resefVvoir 18a (e.g., a crucible) keeping a
pl asma nedium 6 therein, and a heater 18b that liquefies the plasm

medi um The plasma nmedi um preferably is Sn, Li 10or the like that is a
solid at roomtdmietdatures, in this exanple. The ot her
configuration is the same as in Enbodinent 1. [0049] 15In the plasma |ight
generation net h&d tf thve acosemttatmde margn,guwrsitdgt-h&hsl &smsma ght source
of Fig. 3, the porous ceramc 16 i s heated and nmi ntained at a tenperature
such thaedinge vaper peessuitdngP sy sluaerhd cfedicuie C&3g¢izisn, Li) is at a
pressure (Torr order) 20suitable forip asnma generatign, .thus naging t he

I
i nt eri ofl6FtERECCEAX R tEREC PLEEE X d 10t e&n “Ule TeEREL 81 &1y 8Ge 12 and
t he gui de el ectrod i_.n _a _vapor. at.nosphere,of the plasma nmedi um 6 of
To%r or&@F?rﬁ%?Phé ?Ei&egPFoﬁe%ggﬁd &Pﬁ?élftﬁgecgﬁ &r 25el ectrode 12 and
t he guide electrog%%14) are kept at a high tenperature so as not to cause

t he agg?&&gfﬁgﬁog team of the plasma nmedi um 6.

[0051]
Fig. 4 illustrates a plasma light source according
to Embodiment 3 of the present invention.

10 In this example, a plasma light source according
to the present invention is further provided with a
ignition laser device 40.

The igniticon laser device 40 in this example
includes two laser oscillators 42 and a timing contreller

15 44, and is configured to apply laser light 7 to a surface
of an insulator 16 of each of a pair of coaxial electrodes
10 in synchronization with a timing of discharge voltage
application by a voltage application device 30.

In this drawing, reference numeral l4a denctes an

20 aperture provided at a guide electrode 14, through which
the laser light 7 passes. This aperture l4a may be blocked
with transparent body (e.g., quartz glass) letting the
laser light 7 pass therethrough.

[0052]

25 In Fig. 4, the voltage application device 30 is a

pulsed high-voltage power supply 38 configured to apply

discharge voltage of an inverted polarity on the right and



- 22 - [0050] Wth the above-stated configuration, the plasm
medi um 6 can be continuously supplied to the coaxial electrode 10 so that
plasma light for EU radiation can be 5generated stably for a long tine
(in the order of mcroseconds). [0051] Fig. 4 illustrates a

pl asma |ight source according to Enbddinent 3 of the present invention.
10In this exanple, a plasma |ight source according to the present
invention is further provided with a ignition |aser device 40.

The i gnijtdgn Jiaser tdevirce A ddr ties1axrplie el udes dumad aser
oscillators 42 and a timng controller 1544, and is configured to apply

laser |ight-ifdd@ 3 sswif aceoforan ifasH atforchkb cofa@aah «Qfeca rpalers of coaxi al
el ectrodes 10 in synchronization with a timng of discharge voltage

appl i catiican lhea walttaage aapaliceatiicen ddemMicee 330 malyn Halvies tdeaw ng, ref erence
nuneral 14a denotes an 20aperture provided at a guide el ectrode 14,
t hr ough cwhifclyutrae: iloas e@rl luisghtatedpassés.g . THi.s aperture 14a nmay be bl ocked
with transparent body (e.g., quartz glass) letting the |laser light 7 pass
t hér et hrough. [(00B2]other configuration is the same as in
Embodiment 1.
[0053]
With the above-stated configuration, the laser
light 7 is applied to a surface of the insulator 16 in
10 synchronization with a timing of the discharge voltage
application, whereby discharge jitter can be reduced and
coincidences of the discharge start timings by the opposed
coaxial electrode 10 can be achieved.
[0054]
15 Fig. 5A and Fig. 5B illustrate a plasma light
source according to Embodiment 4 of the present invention.
Fig. 5A illustrates one of a pair of coaxial
electrode 10 and Fig. 5B is a cross-sectional view taken
along the line B-B.
20 Tri this example, an ignition laser device 40 is
configured to apply laser light 7 at a lot of (a plurality
of) positions on a surface of each insulator 16. A lot of
(a plurality of) positions for application of laser light
are spaced at regular intervals in the circumferential
25 directicn of each insulator 16, and in this example are

eight positions in the circumferential direction. In order

to divide the laser light 7 into a plurality of positions,



25In Fig. 4, the voltage application device 30 is a pul sed hi gh-voltage
power supply 38 configured to apply discharge voltage of an inverted

polarity on the right and - 23 - left sides to the center electrode 12
and the guide el ectrode 14 of each.ofhga-pair of the coaxial electrodes 10.
The vol tage application device 30 may have the configuration illustrated

in Fig. 1. 5The other configuration is the same as in Enbodiment 1. [0053]

Wth the above-stated configuration, the laser light 7 .is applied._to a
Sur f ace B> Hb T oM 1 RN oottty i e R 21 he

di scharge vql.t age application reby discharge jitter can be reduced and
coi nci deft Otkb‘cf %%ee%c)ﬁos J?gleﬂtsc\f,wz;ﬁﬁfe t%ﬁ‘lnen'gs by the opposed coaxi al

el ect rode 10 cany b aohi gyed. [ 00541, 15F) g 5 a0d; Fi g 53,4 Lusigate a

pl asma |ight source accordihg to odi ment e present 1nvention

Fig. 5A4d lustrates, ong of¢ & Paids o spaxi &l eat radg, 10 and Fig. 53 is a

cross-sectional view taken along the line B-B. 20l n this exanple, an

i grd ti on Jasersdevirca 0 dis-aindd guned it uiappltidaser ddght 7 at a lot of
(a plurality of) positions on a surface of each insulator 16. Alot of (a

pl ural i tiyh 6f1)a teasiltd, onm s appld dadden Oft deasem lutght are spaced at
regular intervals in the circunferenti al
circumferential direction can be reduced, and coincidences
of the discharge start timings in the circumferential
direction can be achieved.

10 [Example 1]

[0055]

1. Initial current distribution and longer-pulsed
light socurce plasma

{(Experiment by capillary discharge)

15 Capillary discharge is cne of the simplest methoed
for DPP generation. In the capillary discharge, electrodes
are provided at both ends of a cylindrical insulator
capillary, and a high voltage is applied between the
electrodes, whereby discharge plasma is formed in the

20 capillary.

The present inventors changed the shape of a
capillary to investigate influences of the initial current
distribution on duration of EUV plasma.

[0056]

25 (Experimental device)

Figs. 6A, 6B and 6C illustrate coverview of a

capillary discharge apparatus. Fig. 6A illustrates the



25direction of each insulator 16, and in this exanple are eight positions
inthe circunferential direction. In order to divide the laser light 7
into a plurality of positions, - 24 - a beamsplitter nay be used, for
exanple, and their optical |engths are brought into the sane. In
this way, the laser light 7 is dividéd so as to be applied at a lot of
positions spaced at regular Sintervals in the circunferential direction of
each insul ator 16, whereby discharge jitter in the circunferenti al

di recti Qp aan e Jreducedpandiaaicidances ofnd | gli sadmrgel staart tini ngs
in the circunferential direction can be achieved. 10[ Exanple 1] [0055]

1. Initislheedstrient: 1di Stinidatisdone andtenggrtyuyseddpighta sowrce apl asma
(Experinment by capillary discharge) 15Capillary discharge is one of the

si npl esttapetthadfeorcaPRP lgener atdsgrectivelhe capil l ary di scharge, el ectrodes
are provided at both ends of a cylindrical insulator capillary, and a high
vol tage is appl Bt betveslerh ¢ hievied eeaniodesty wekebyoRli deharyel PrHsha i s
formed in the 20capillary. ‘ The present inventors changed the
shdpe ofofa 1dapm leay ao ﬁ%tqlﬁé&%ﬁ%fqge?hé@b of 'éhd-aRf 4P ur r ent

di stribution on duration of E I . .
capillary (Fig. 6C) h;@lg)fgﬂg%h of 10 mm and inner

diameters of 2 mm and 8 mm on the anode side and on the
cathode side, respectively. The capillary has a Laval
nozzle structure, where Xe gas supplied into the capillary
10 by an electronic controlled valve is accelerated up te
superscnic speeds in the nozzle. Since gas is injected
like a pulse, DPP can be driven while keeping the interior
of the chamber at vacuum of about 10°® torr. EUV signals
were measured using a photodiode (produced by IRD Inc.,
15 AXUV20HS1) placed in a capillary axial direction.
[0057]
(Results and Consideration)
Fig. 7A and Fig. 7B illustrate effects of the
initial current distribution on an EUV signal. Fig. 7A
20 illustrates a typical EUV signal of a straight type and,
Fig. 7B illustrates a typical EUV signal of a taper type.
In the drawings, A indicates an input current and B

indicates an EUV signal.

From Fig. 7A and Fig. 7B, it can be clearly found
25 that duration of the EUV signal B is increased more in the
taper type. In a straight-type capillary discharge

typically used for DPP, plasma is compressed (Z-pinched)



[ 0056] 25( Experinental device) Figs. 6A, 68 and 6C illustrate
overview of a capillary discharge apparatus. Fig. 6A illustrates the - 25
- overview of an experinental device, and Figs. 6B and 6C schematically
illustrate a straight-type capillary and a taper-type capillary,
respectively. The straight-type capi EPary (Fig. 6B) has a length 50f 10 mm
and an inner dianeter of 3 mMm The taper-type capillary (Fig. 6C has a

| ength of 10 nm and inner dianeters of 2 mmand 8 nmon the anode side and

on the qafhode SidetdeRLGd MelnagnEe Capidilair hapladmay aumaezal e
structure, where Xe gas supplied into the capillary 10by an el ectronic

control lsad valate 1i1s e ealeiaierd dip- f:o-s.upeansonila sspe edsoire ddeel rozyzl e.
Since gas is injected like a pulse, DPP can be driven while keeping the

i Nt er i omeaf:echerye aniberZ -ati ncdc usmofe abduta 10-06 ttempe EWVIrst gial s wer e
measur ed using a photodi ode (produced by IRD Inc., 15AXUV2CHS1) placed in
a capi | Indrgh-abereditdi rsdetticon.arfd e e ReEsUlEn HrrasHs idgetattiioh)

Fig. 7A'and Fig. 7Billustrate effects of the jnitial current distribution
on fan EQdaimgndlapidly exRarvly |48 ridt S T AT ATEINA S gndlS 6 a strai ght

O i QS et 69 A1 igut ToUs Rer SE T Rt Seat PP Sl
for a short time.
[0058]
The intensity Py of the self magnetic field is
10 represented by the following expression (2):
Proc (I7/1%) - (2),
where I is a plasma current and r is a plasma
radius. 1In a taper-type capillary discharge plasma having
gradient in the axial directicn, self magnetic field is
15 strong on the anode side with a small plasma radius r, and
the plasma is compressed in the radial direction by the
gradient in the axial direction within the capillary. At
the same time, the plasma drifts from the anode side to the
cathode side along the central axis. It is considered that
20 the plasma moving in the capillary is continuously heated,
and its high-temperature and high-density state is
maintained for a long time.

[0059]
However, even in the case of taper capillary
25 discharge, the Z-pinched plasma moves in the axial
direction, and further is emitted out of the capillary and

expands naturally, so that an obtained EUV radiation time



FromFig. 7A and Fig. 7B, it can be clearly found 25that duration of the
EUWV signal B is increased nore in the taper type. In a straight-type
capillary discharge typically used for DPP, plasma is conpressed
(Z-pinched) - 26 - toward a center by self nmagnetic field of a plasm
current at a capillary creepage surfaief The pl asma conpressed and heat ed
by this Z-pinch beconmes at a high tenperature and high-density state, and
af ter maxi mum conpressi on, the 5plasna rapidly expands due to increased

pr essur asAsra y efdhit, 30te mleasma Furtae UM imadi athieom 1stsat=e wean exi st only

for a short time. [0058] The intensity PB of the self
magnet i erefrieglat dics iH0repr esantlddirhy, tare ddldiowicn g fgutass e l(iz) :
Psoc(12/t2)(2), where | is a plasma current and r is a plasm

radi us. amyla tweysemcty per fddpilldrdry disscharage il asifa wiavifsgingt &disént in t he
axial direction, self magnetic field is 15strong on the anode side with a
Zmal | pM@bmtarm v laiy the Plaasra el coprfdssad 5 ithetadiraing
irection by the gradient in the axial direction within the capillary. At
t he samd e ReTwiFehIlesid S 5% He -anode side to the ca?hode Zi de
al ong the centrai axii. 1, 1s considered that 20the plasma noving in the
capillary is cont’y qyg%eated, and its high-tenperature and
hi gh-density ste?&béé]naintained for a long tine. [0059]

2. Experiment using cusped magnetic field guide
Based on the above-stated experiment result, it
10 was confirmed that gradient in the radial direction of
current causes a difference in magnetic pressure, enabling
plasma controlled in the axial direction as well. Since
the rate of plasma expansion (thermal velocity) is about 1
cm/usec, plasma confinement not only in the radial
15 direction but also in the axial direction has to be
achieved for confining in the order of microseconds with
consideration given to the size of light source plasma.
Thus, achievement of current distribution with a small
radius on both electrode sides and with a maximum radius at
20 the center between electrodes as well as the ability of
driving a current waveform most suitable for the current
distribution will enable a constraint force due tc self
magnetic field acting in the radial direction and a
constraint force due to magnetic pressure gradient acting
25 in the axial direction. As a result, constraint of plasma
for a long time will be achieved.

[0061]



However, even in the case of taper capillary 25di scharge, the Z-pinched

pl asma noves in the axial direction, and further is emtted out of the
capillary and expands naturally, so that an obtained EUV radiation tine -
27 - was only about 300 nsec. Further, since the plasnma was generated in
the capillary, an obtained ef fecti ve28ofid angl e was not sufficient. As a
result, it was found that the taper capillary discharge had a difficulty
in obtaining 5the required |light source property. [Exanple 2] [0060] 2.
Experi ment usi ngrispedsdrmgnatica fielid 1guide: tBasech enxriche nahavefst at ed
experinment result, it 10was confirned that gradient in the radial

di r ect i @msplkdcunzrert icadses da gdiifdeecdnedanyimggneti ¢ pressure, enabling

pl asma controlled in the axial direction as well. Since the rate of plasm
expansi on (ther Mlisvelmoiitng jilshadowtel difd asewend] asiheewgorfitnement not
only in the radial 15direction but also in the axial direction has to be
achi evedifstribonfion wenitralhdyorderl i6l MagingddcorddS -t h“consi derati on

given to the size of |ight source plasnma. Thus, achie eneg%ﬁpf current
di St 1 DBEFSAPAREN TR IS Maradiiie oy b GER e CECHAE s s e iR Sa

maxi mum radi_us at 20t he center. between el ectrodes.as well as the ability
of drivitg & LEGtrent ndveformItedt "ui 86 &W%Foi&én&ﬂgeﬁfl di stribution

e o A S WAL Y Lt e
acting attempted. At the moment that high voltage was appilied to
the electrodes, electrons jumping out cf the cathode
10 generate electron avalanche while moving to the anode under
the control of electric field and cusped type magnetic

flux. As a result, the formatiocn of current distribution
as 1llustrated is expected.
[0062]

15 In a proof-of-concept experiment, the electrodes
had a diameter of 2 mm, a length between electrodes was 4
mm, a magnet had a surface magnetic flux density of 1.25 T
and an inner diameter of 24 mm and an outer diameter of 50
mm, and a length between magnets was 8 mm.

20 As a result of the proof-of-concept experiment,
stronger light emission was observed in the vicinity of the
center between electrodes due to guide by magnetic field B.
Further, preliminary ionization successfully led to a
somewhat stable discharge. However, repeatability thereof

25 was poor, and a stable result could not be obtained.
Conceivably, this is because the formation of a current

path greatly depends on an electron avalanche path that is



25in the axial direction. As a result, constraint of plasma for a |ong
time will be achieved. [0061] - 28 - Fig. 8 schematically
illustrates an experinment of cusped magnetic field guide discharging.
This drawing illustrates the concept, of current distribution control by
applied magnetic field. A 5pernaneﬁt2§a§net was di sposed around each of
the electrodes as illustrated in the drawi ng, and controlling of an
initial current path due to cusped type nagnetic field was attenpted. At
t he nonenis thdte hitghn @ardge siesyeapplrired ko liilgd te|sestirgd ess sualeect r ons
junping out of the cathode 10generate el ectron aval anche while nmoving to
t he anode amaerbtiie tyomtfy alersft idlieat Kic I itel d Card zc Fspedh tayipe aPagnet i ¢
flux. As a result, the formation of current distribution as illustrated is
gxpect e@.ut][p@gaz]anﬂsrtlrmeée;fm@r dgtatEdrddpty &pdhicnBrlEsmehd BIMedt'Pddes had a
i aneter o mm a | ength between el ectrodes was 4 nm a nagnet had a
sur f ace fagiFettioc dﬂg&%‘d@gﬁﬁr{ Y TofOUERIS Psh T4 S1EREY -di anet e? of 24 mm and

an outer dianeter of 50 and a |l ength between magnets was 8 mMmm 20As a
result of the pridgfBt-concept experiment, stronger |ight emission was
observed in the Vologﬁl ty of the center between el ectrodes due to guide by
magnetic field é rther, prelimnary ionization successfully led to a

somewhat Stable}ﬂi%dﬁ¥ﬂ%ﬁ H§W$35Htefi¥§%ﬂﬁﬁﬂﬂﬂé§héf%%éﬁg system

Fig. 9 schematically illustrates a counter-facing

plasma focus apparatus, and Figs. 10A, 10B and 10C
10 illustrate the expected behavior of plasma by reconnecting
of current.

In order to establish a method for generating EUV
plasma and confining the same stably, a DPP formation
method is proposed in which a counter-facing plasma focus

15 system. As illustrated in Fig. 9, coaxial plasma focus
electrodes face each other. In each plasma focus
electrode, an outer guide electrode 14 is grounded, and
positive and negative high voltage is applied to an inner
electrode {center electrode 12). When high voltage is

20 applied to the coaxial electrodes (guide electrodes 14 and
center electrodes 12), discharge starts at a creepage
surface of an insulator 1€¢ {see Figs. 10A, 10B and 10C). A
current sheet (sheet-discharge 2) formed at an insulator
face is pushed toward the outside of the electrode due to

25 self magnetic field.

[0064]

Devising on the insulator surface such as the



25was poor, and a stable result could not be obtained. Conceivably, this
is because the formation of a current path greatly depends on an el ectron
aval anche path that is - 29 - instable at an early stage. An EUV |i ght
source assunes high stability of repetition of 1 to 10 kHz to obtain an
output, and therefore instability of3%he plasnma formation | eads to
degradation in output and efficiency. 5[Exanple 3] [0063] 3. Z-pinch by
counter-facing plasma focus system Fig. 9 schematically

i 11 ustrates 3 16eurhel achReg 4l asmydacys rappar atdsiceand tFixgshold@A, 10B
and 100 10illustrate the expected behavior of plasma by reconnecting of

current ofl Rher darsdhe rest altldrsh ve Inteidro b ftoreege ércatdoag iIBIV pl asma and
confining the sane stably, a DPP formation nethod is proposed in which a
count er <flacitng delsasma Lflegus hEss yéteemppAsi 6d [vedtteateed iTm FUgh @ coaxi al
plasma focus el ectrodes face each other. In each plasma focus el ectrode,
an out ercagyi,delisicderasdd it4 rs “@rlduﬂﬂfedie%dposi%r\?énan(ﬁlﬁéé‘éﬁg@e hi gh
voltage is applied to an_inner electrode (center electrode 12). Wen high

vol% age Jild tegappiinsd & solfy ddda B FQGEEs PG W% ctodes 14 and

center electrodes 12), discharge starts at a creepage surface of an
i nsul at G-SFEACSEe SEAGL .. 10A, 10B and 100). A current sheet

(sheet - di schar g 2),fored 3t an dnsul ALl A ]S Aushed, tovard the
current sheet advancing time in gap between the electrodes
enables the collision in the vicinity of the center between

10 electrodes. When the collision of current sheets occurs at
the center between electrodes, if the current path and the
magnetic field collapse temporarily and then reconnecting
occurs, a shape enabling the plasma behavior as illustrated
in Figs. 10A, 10B and 10C and plasma constraint for a long

15 time can be expected.

Reconnecting (converting) refers to a change in
current path and magnetic field from the discharging (state
of Fig. 10A) between an inner electrode (center electrode
12) and an outer electrode (guide electrode 14) to the

20 discharging (state of Fig. 10B) between opposed pair of
inner electrodes (center electrocdes 12) and between opposed
pair of outer electrodes (guide electrodes 14). This
reconnecting can be automatically conducted by adjusting a
space between the pair of coaxlal electrodes and by

25 changing a discharge voltage, for example.

[0065]

A current waveform can be controlled by circuit



25sel f magnetic field. [0064] Devising on the insulator surface such as
the - 30 - installation of a netal trigger pin may reduce a threshold of
t he di scharge start voltage between the coaxial el ectrodes snaller than
the applied voltage. In such a case, discharge jitter will be reduced.
Herein, discharge 5jitter neans a dePay time fromvoltage application to
di scharge start. Di scharge jitter sufficiently smaller than a
current sheet advancing tinme in gap between the el ectrodes enabl es the
col | i si g vimeche svi cinfidter ofuddie sait efedeeieen nieliectr addsinddhen the
collision of current sheets occurs at the center between el ectrodes, if

t he cur rertyvcRat h hang e urmgnretidd dritelcd gdldsaps erntce mper acidnetand t hen

reconnecting occurs, a shape enabling the plasma behavior as illustrated
in Fi gsprE@aurk0Brand 00 iand aoliadnel iomstirca mnd gm dHeomgiBsti ne can be
expect ed. Reconnecting (converting) refers to a change in current

pat h andiimegrtetine darelad fasdmitishfics dhardgl mpidtsR €W SEty. 10A) bet ween
an inner electrode (center electrode 12) and an outer. el ectrode (guide
el €ct r od@VEAL Y FHE SPIiSS¢h d15gi T {15t of TR g © “Thét'ween opposed
pair of inner electrodes (center electrodes 12) and between opposed pair
of out e EGSEIES -(gui de el ectrodes 14). This reconnecting can be

auom(i cal | ¥ conduch e b et g, 8 Rece el e LS Ry 6l coaxia
simultaneity of discharge start, uniformity of current
sheets, and reconnecting of current sheets when the

10 simultaneity and the uniformity are achieved. For uniform
current sheet collision, an experiment to confirm the
emission of uniform current sheet was conducted firstly.

[0066]
(Experimental device)

15 Fig. 11 schematically illustrates an experimental
device for a plasma light source including a coaxial
electrode.

In this drawing, the center electrodes 12 had a
diameter of 5 mm, the outer guide electrode 14 had an inner

20 diameter of 10 mm, and these electrodes had curvature at
their edges to prevent discharge start at the tip end. The
coaxial electrodes (center electrode 12 and guide electrode
14) were separated by an insulator (not illustrated), and a
needle-like trigger pin was installed at a surface of the

25 insulator so as to start uniform and stable discharge.

A depth of the coaxial electrode (a length from

the insulator surface to the tip end of the coaxial



[ 0065] A current waveform can be controlled by circuit - 31 - paraneters.
After successful reconnecting, if a bal ance between the pressure gradi ent
of plasma and the magnetic pressure gradient in radial direction and in
the axial direction can be established by an opti mum current 5waveform

pl asma can be constrained in the ordéf of nicroseconds. An i nportant point
in this experinment resides in sinmultaneity of discharge start, uniformty
of current sheets, and reconnecting of current sheets when the

10si nul tareittnsdrnd dahe ténidrerydy B ewdgehitdved theorl eurjtforoh cilier ent sheet
collision, an experinent to confirmthe em ssion of uniformcurrent sheet
was condughadtfdr.st Ifhe [QQG66]1 H{EX perdanertvalvadei ¢é), THE gprlied
schematically illustrates an experinmental device for a plasma |ight source
i ncl udi vy la ageaxiaal 1€l éct ldde&kV, and the |gindvilg dmaWatgnacheraget-dr

el ectrodes 12 had a dianeter of 5 nm the outer guide el ectrode 14 had an
i nner 20di-améneroferl Gomaheatd ity egladdt kedey vad durtratiiTe at

5 sheet, a high-speed framing camera (produced by DRS HADLAND
Ltd. IMACON468) was disposed in the axial direction for
observation in a visible light area.

[0067]
(Results and Consideration)

10 Fig. 12A and Fig. 12B illustrate an experimental
result showing the extending of a current sheet at the
coaxial electrode. Fig. 12A and Fig. 12B are views from
the direction of the axial line Z-Z in the configuration of
Fig. 1. In Fig. 12A and Fig. 12B, “Center Electrode” and

15 “Outer electrode” correspond to the rod-shaped center
electrode 12 and the tubular guide eclectrode 14,
respectively.

Fig. 12A and Fig. 12B illustrate a state where -15
kV was applied to the center electrode, and driving was

20 performed with a current of sinusoidal waveform (periocd of
4 psec). A discharge peak current and an initial gas
pressure at this time were 4 kA and 110 mtorr (Ar),
respectively, and an exposure time was 100 nsec. Fig. 12A
illustrates a state of plasma extending immediately after

25 the discharge started, and Fig. 12B illustrates a state of
plasma extending after time (about 400 ns) has elapsed from

the discharge start. In these drawings, an area indicated



their edges to prevent discharge start at the tip end. The coaxi al
el ectrodes (center electrode 12 and gui de el ectrode 14) were separated by

an insulator (not illustrated), and a needle-like trigger pin was
installed at a surface of the 25in§u$§t9r so as to start uniform and
stabl e di schar ge. A depth of "the coaxial electrode (a |length from

the insulator surface to the tip end of the coaxial - 32 - electrode) can

be changed by adjusting the |length of the insulator. The capacitor

capaci t pywagrowRE, shieersapple ek teoldiage Wa® 8620 15 kV, and the circuit

i nductance was 0.4 In order to check the overal| behavior of .current

Ssheet, a hi gh- SpeddFr dnhgcaters ((Frodited DWRIHRS 3HDIEAND 15 4.

| MACON468) was disposed in the axial .direction for observatiaon inda

vi si bl e TItGhe O&r 829ILE06 P ERIST s Card BRTEderati &7 11dEFg 2FP¥R%nd Fi g.

12B il lustrate an experinmental, result show,ng the extending. of a current

sheet af h8685§%i§ﬁe€F§§F&b§@f ﬁF&:alﬁﬁsé%&gﬁiﬁé %?E ag%@v?ems fromthe
FaZid Dy

di rectign _of .t he axihal -Lipe fig i f. F 4n Fig.
12R andpEFjFIfEB?%" ACar E?ectrodeébg%gQ%S"Cgﬁgéégrggt?g %ﬁs%%?respond to

t he rod- p .er, elLectd, n Guidsg eleect rode 14,
respect it\ilgl%yggit%%@tl%g %ﬁ?gggoigi%g%g%F?)g @%Zetg%%ijl S)g:t rate a ;Ct ate where -15

kV was appligd Leghleocentectebecthede, tarddiichiaiganas 2@pearf grapd with a
current of sinusoidal waveform (period of 4 kisec). A discharge peak

current caRdpaR iitAichi ali .@as Rihes P tdtont hifs 0:0fE wesehdskA padk110 ntorr
(Ar), respectively, and an exposure tinme was 100 nsec. Fig. 12A
i |l ustrateseatst aBasefd plrashd sexteendimg iitmyedi dtcelundafnsdrood that a
10 current sheet in the coaxial electrode tends to extend in
the 8 direction. That is, under the above-stated discharge
condition, uniformity of a current sheet can be obtained by
letting discharge start at two or more positions.

As can be understood from Fig. 12B and the

15 configuration of Fig. 1, the present invention enables the
configuration without any shield on the outside in the
plasma radial direction (with reference Lo the axial line
7-%), and therefore the effective radiant solid angle of
plasma light can be made larger.

20 [0C68]

As a result of observation of plasma emission
while changing the electrode depth, plasma emission was
confirmed at the electrode depth of 20 mm. Based on the
electrode depth and the time between the plasma discharge

25 start and the plasma emission, the velocity of the current

sheet estimated is estimated at about 1 cm/pusec under the

above-stated condition. Since a gap between the electrodes



25t he discharge started, and Fig. 12B illustrates a state of plasm
extending after tinme (about 400 ns) has el apsed fromthe discharge start.
In these drawi ngs, an area indicated - 33 - by arrow S shows the

ext endi ng of pl asma. In Fig. 12A and Fig. 12B, an azinmuth angle O
is arotation angle indicating a cirétinferential position around the
center electrode 12, and a position of 0=0 and a 5position of 0=180 are
illustrated. It can be understood that extending of 180 degrees or greater
occurs iiR theuazismuh 1anghe @ @ioradissamlunttiimet hecdifscharigehstraet i ng from
one position (i.e., the position of 0=0) reaches a peak current. Based on
this restltrt ibetearnbéotnderlstaocdetsati sa 2b@cur A€Mt nstwest i n the coaxi a

el ectrode tends to extend in the O direction. That is, under the
above- st at ed di Schardyercdnidi tékoryeuidftadrieapestingrdur refesHEBr can be
obtained by letting discharge start at two or nore positions. As can be
under st dod fhameRitg shezs litsd ors et iOkedlieeh T6r BPG. 1, the present
invention enables the configuration w thout any shield on t&e outside in
thé pl ashavA&ansitdi décGiieFawRICh Srté’fré?réﬁéjet%@ R IR Y Ofe 2- ), and
therefore the effective radiant sal.i i_ght can be made

| f_ pl |
| ar ger . CPOFEOES NSt - D18§§a§gﬁé§dﬁgf%?q6§§gF@%ﬁﬁ%ﬁ%bﬁ' "dsma eni ssi on
of et r ohe HEnEH Of P36 B o s v 6hY et Bal e e

el ect r od&T e electrod the time

bet ween (ihe, pl agm, di scharge 295t ALl %%ﬂeg;e g{oj RAA LM SN, the velocity

of the current "shéet estinated 1S estimate about 1 cnmf 11sec under the
above- stated condition. Since a gap between the el ectrodes

10 [0069]
As stated above, the present inventors measured
FUV radiation of Xe plasma using a taper-type capillary,
and compared the result with that in conventional capillary
discharge. It was found that EUV light emission time was
15 lengthened by the manipulaticn of current waveforms. In
the case of.using the taper-type capillary, the radiation
duration was extended about 1.5 times the case of operating
the straight type capillary under a similar discharge
condition. It becomes clear that the manipulation of
20 discharge current is impertant to extend the radiation
duration. It becomes clear that, although the discharge
duration was extended 1.5 times, the discharge time of 300
nsec is still far from the goal for improvement in output
and efficiency.
25 [0070]
In order to cope with these problems, the present

inventors conducted the experiment using cusped magnetic



- 34 - is about 5to 10 mm a permssible time lag for discharge start

bet ween both el ectrodes is about 100 nsec. Based on the
above-stated experinent, a benchmark for current sheet collision was
obtained for the 5simultaneity in discharge start and the uniformty of a
current sheet. Discharge jitter is~a3feasible value in terns of a
performance of the device, and two or nore discharge start points can be
formed by devising the trigger pin. 10[ 0069] As stated above, the

present dipMentQr & NRASY ad Edv iradiatd ieroforXe ol asmtusitigla taper-type
capillary, and conpared the result with that in conventional capillary

di schar getHdd wapaiaund it haindBUMd iightt ieni ssirorertt mE swasikA8liemgt hened by
the mani pul ation of current waveforms. In the case of using the taper-type
capi | | amythichetr adicatiiden ediffeatti dry vids: exatoeriddd dbcutd 1B tdares Tive! case of
operating the straight type capillary under a simlar_ discharge condition.
|t becones tdleeaxpchamertie e puiste &f fefct20diss dlvdr ¢ TAQRTEM 35 Ynport ant
to extend the radiation duration. It becones clear that, althou%h t he

di schar §&edeRETot Wss C@Rended 1.383% ihed 19 R afie FEAgE 197e 6T 300 nsec

is still far.  fromthe goal for .inprovenent in, output and. efficiency.

25[ 0070 ound.  ConGpigider t & dope Wit tHigs & i dbieH, tHE I édent
| nvent Ors%: r%%rc}j lilrc td%%etnrclj% %)%p%rrzi q.%%tt a"l!)slien%accl‘r'ls %efd 1%@1%&' l(i/ emitted
electrons.
[0071]

10 For a method of forming EUV plasma and confining
the same stably, the present inventors proposed a method of
making a pair of plasma focuses face each other, each
having an inverted polarity. Successful simultaneity in
discharge, uniformity of a current sheet and reconnecting

15 of the current sheet will allow the plasma to be compressed
in the axial direction while being maintained due to self
magnetic field, whereby a plasma shape of stable
orientation that is suitable for long-time EUV radiation
can be formed. The formation of light source plasma

20 controlled in terms of space and time can improve the
energy conversion efficiency of an EUV plasma light scurce.

[0072]
The above described embodiments are to be
considered in all respecis as illustrative and not

25 restrictive. The scope of the invention is indicated by
the appended claims. All changes which come within the

meaning and range of equivalency of the claims are intended



- 35 - field as a guide for emtted electrons as a potential nethod
capabl e of handling initial current distribution. Al though a guide effect
by the nagnetic field was confirmed in the experinent, the guide effect
was not effective as in 5 the taper-type capillary, and stable plasma
shape was not found. Conceivably, rh?g Ts because the plasma formation
strongly depends on an instable path of initially emtted el ectrons.

[0071] 10For a nethod of form ng EUV plasma and confining the sane stably,
t he present,o RyeRtees RHeResed a nethod of nmaking a pair of plasma focuses
face each other, each having an inverted polarity. Successful sinmultaneity
in discharge, uniformty of a current sheet and reconnecting 15of the
current sheet will allow the plasma to be conpressed in the axial
direction while being maintained due to self nagnetic field, whereby a

pl asma shape of stable orientation that is suitable for long-tinme EUW

radi ati on can be fornmed. The formation of |ight source plasma 20controlled
in terms of space and tinme can inprove the energy conversion efficiency of
an EUV plasma |ight source. [0072] The above descri bed

enbodi ments are to be considered in all respects as illustrative and not
25restrictive. The scope of the invention is indicated by the appended
claims. Al changes which come within the nmeaning and range of equival ency
of the clains are intended - 36 -



to be enbraced therein. - 37 - CLAIMS 1. A plasma |ight source,
conprising: a pair of coaxial electrodes facing each other; a radiation
envi ronnment sustaining device that 5supplies a plasma nediuminto insides
of the coaxial electrodes and hol ds #ﬂe coaxi al electrodes at a
tenperature and a pressure suitable r plasma generation; and a voltage
application device that applies a 10di scharge voltage of an inverted
polarity to each of the coaxial electrodes, wher ei n tubul ar

di scharge is fornmed between the pafTADHS coaxial el ectrodes, and plasma is
confined in an axial direction of the coaxial electrodes. 15 2. The plasm
| i ght sdurce ac@ordizsgat dighdi molrce, comprigi&dei n each coaxial el ectrode

includes: a rod-shaped center electrode extending along a single axial
line; a tubul ar eg@iade& elfe ade ls s iirdiRg tfﬁ@lé)éznteéc%z@é%éﬁr ode with a

constant space kept therebetween; and a . .
a radiation enviromment sustaining device that

5 supplies a plasma medium into insides of the coaxial
electrecdes and holds the coaxial electrodes at a
temperature and a pressure suitable for plasma generation;
and

a voltage application device that applies a
10 discharge voltage of an inverted polarity toe each of the
coaxial electrodes,
wherein tubular discharge is formed between the
pair of ccaxial electrodes, and plasma is confined in an
axial direction of the coaxial electrodes.
15
2. The plasma light source according teo claim 1,
wherein each coaxial electrode includes: a rod-
shaped center electrode extending along a single axial
line; a tubular guide electrode surrounding the center
20 electrode with a constant space kept therebetween; and a
ring-shaped insulator positioned between the center
electrode and the guide electrode and electrically
insulating the center electrode from the guide electrode,
and
25 the center electrodes of the pair of coexial
electrodes are positioned along the axial line common

thereto and are symmetrically positioned with a space kept



ri ng-shaped insul ator positioned between the center el ectrode and the

gui de el ectrode and electrically insulating the center electrode fromthe
gui de el ectrode, and 25the center el ectrodes of the pair of coaxial

el ectrodes are positioned along the gxial | i ne conmon thereto and are
symmetrically positioned with a spac 8k"ept - 38 - therebetween. 3. The
pl asma |ight source according to claim2, wherein the voltage application
devi ce includes: a 5positive voltage source that applies, to the center

el ectrodeceknene=eh.t he pair of coaxial electrodes, a positive discharge
vol tage higher than a voltage at the guide el ectrode thereof; a negative
vol tage source that applies, to the center electrode of the other of the
10coaxi al el ectrodes, a ne%étive di scharge voltage |ower than a voltage at
the gui de el ect Mode RllRsiaof;i cdifd SPUNCeyFErCERit¢h toh &L 338t <+t he positive
vol tage source and the negative voltage source apply a voltage to the
respecti ve coaxivaleIélidctheda®corneumtditiGrtips Ve 3 gt source

according to claim2, wherein th%ﬁ%nsul tor is p rous c ram c,
the pl adraitight vodurEE FOMEREr WPRd G&e l&sp|3§n§ fedi-Um“feeder t hat

Squlie%l%c@&%agaogeg%%nb%nE%et%%i&n%j ®oaxial electrodes, a
positive discharge voltage higher than a veltage at the
guide electrode thereocf; a negative voltage source that
applies, to the center electrode of the other of the

10 ccaxial electrodes, a negative discharge voltage lower than
a voltage at the guide electrode thereof; and a trigger
switch that lets the positive voltage source and the
negative voltage source apply a voltage to the respective

coaxial electrodes concurrently.

15
4. The plasma light source according to claim 2,
wherein the insulator is porous ceramic,
the plasma light source further includes a plasma
medium feeder that supplies a plasma medium into the inside
20 of the coaxial electrodes via the porous ceramic, and
the plasma medium feeder includes a reservoir
holding the plasma medium therein and a heater liquefying
the plasma medium.
25 5. The plasma light source according to claim 2,

further comprising a ignition laser device that applies

laser light to a surface of the insulator cf each of the



200of the coaxial electrodes via the porous ceramc, and t he

pl asma nedi um f eeder includes a reservoir holding the plasma nedi um
therein and a heater |iquefying the plasma nedium 255. The plasna |ight
source according to claim?2, further conprising a ignition |laser device
that applies laser light to a surfacé?of the insulator of each of the -
39 - pair of coaxial electrodes in synchronization with an application
timng of the discharge voltage. 6. The plasna |ight source according to
cl ai m 5, 3whejreid e gniddtond=asan devigteapldtden aseh langht at a
plurality of positions on a surface of each insulator. 7. A plasma |ight
gener at i@ 1neizhddn cdmiricsiaig tihhe ditseps rafe; vbQdisggosi ng a pair of coaxi al
el ectrodes facing each other; supplying a plasnma mediuminto

i nsides of the coaxial electrodes and hol ding the coaxial electrodes at a
tenperature and a pressure suitable for plasnma generation; 15applying a
di schar ge vol Tagepdfsan iligatt s@upslcariccpiddidadh 6f2te 2coaxi a

el ectrodes so as to generate sheet-di scharge at each of the i,r  of
codxi al el ect "b@&§ landGeAEndfd Opl P& Tat Y SnEEP &Fa#@sﬁﬁgﬁﬁﬁgﬁ by the
sheet - di scharge between the pai,r of coaxi al Oeleg;rod s .facj,n %gch
other: ande Pluralithhef SGiritiTg Thé SHEEH Stharge iMbd usdl ar

di scharge between the pair of coaxial electrodes to form magnetic field
confining the plasma.

7. A plasma light generation method, comprising the
steps of:

10 disposing a pair of coaxial electrodes facing each
other;

supplying a plasma medium intc insides of the
coaxial electrodes and holding the coaxial electrodes at a
temperature and a pressure suitable for plasma generation;
15 applying a discharge voltage of an inverted
polarity to each of the coaxial electrodes so as to
generate sheet-discharge at each of the pair of coaxial
electrodes and generate plasma at an intermediate position
by the sheet-discharge between the pair of coaxial
20 electrodes facing each other; and
then converting the sheet-discharge into tubular
discharge between the pair of coaxial electrodes to form

magnetic field confining the plasma.



