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DESCRIPTION

PLASMA LIGHT SOURCE AND PLASMA LIGHT GENERATION METHOD

BACKGROUND 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

plasma light generation method.

Description of the Related Art

[oocz2]

Lithography using EUV light sources has been
expected for microprocessing of nex{~generation
semiconductors. Lithography is a technigue to fabricate an
electronic circuit by reduction-preiecting light or beam
onto a silicon-substrate through a mask with a circuit
pattern drawn thereon to &xpose a resist material to light.
Minimum processing dimensions of a circuit fabricated by
optical lithography basically depend on the wavelength of 2
light socurce. Thus, a shorter-wavelength light source is
essential for the development of next-generation
gemiconductors, and research has been carried cut for the
development of such light sources.

[00C3]

A highest potential light source for next-
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generation lithography is an EUV light source, meaning
light in the waveleangth ranging from about 1 to 100 nm.
Since light in this range has & high absorptance for all
substances so that transmission optical systems such as a
lens cannct be used, a reflection optical system has to be
used. It is very difficult to develop optical systems in
an EUV range, and such optical systems show a reflection
property only for limited wavelengths.

[0004]

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
technigque using light of this wavelength in conmbination
with the reflecting mirror will enable processing
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.

[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 technigue. DPP has an advantage of a
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
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cost.

[G006]

A conversion efficiency (Plasma Conversion
Efficiency: P.C.E) from plasma to radiant light in an
effective wavelength band (in-band) is represented by the
following expression (1):

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

where Pigpana 18 an BUV radiant light cutput in the
in-band, T i1s radiation duration, and E is energy input to
plasma.

[0007]

Typical elements having radiation spectra in the
in-band include Xe, 8n, Li and the l1ike. At an early stage
of the development, research on Xe was mainly conducted
because of the ease of handling. In recent years, however,
Sn has attracted attention because of high output and high
efficiency, and reseazch on Sn is now being conducted.
Additionally, there have been growing expectations for
hydrogenlike Li ions {Li*") having a Lyman-o resonance line
Just in the in-band area.

[0008]

Radiaticn spectra from high-temperature and high-
density plasma are basicelly decided by a temperature and a
density of a targei substance. According to a result of
the calculation on atomic process of plasma, for generating
plasma in the EUV radistion region, optimum electronic

tempsratures and electronic densities are 10 to 30 eV and
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10%® om™? respectively, for Xe and Sn, and 20 eV and 10" em”

r

3, respectively, for Li.

(00091

The above-mentioned plasma light sources are
disclosed in Non-Patent Documents 1 and 2, and Patent
Document 1.

[0601C]

[Non-Patent Document 1!

SATO Hiroto et al. “Discharge-Produced Plasma EUV
Source for Lithography”, O0QD-08-28

[Nen-Patent Document 2]

Jercen Jonkers, “High power extreme ultra-viclet
(EUV) light socurces for future lithography”, Plasma Scurces
Seience and Technology, 15(2006) 58-316

{00111

[Patent Document 1]

Japanese Patent Publication No. 2004-226244,
“Extreme ultra-violet light source and semiconductor
alignar”

(00123

EUV lithegraphy light sources are regquired to have
a high average output, a small size of light source, less
flying particles {(debris), and so on. In the current
state, a generated FUV light amount is extremely lower than
a required output, and so one of big challenges is to
develop light sources with higher output. On the other

hand, an increase in input energy for higher cutput will
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cause degradation in lifetime of a plasma generator and an
optical system due to damage by heat load. Theresfore, in
order to realize both of a high EUV output and low heat
load, high energy conversion efficiency ls essential.

106137

AL an early stage of plasma formation, a lot of
energy is consumed by heating and ionization.
Additionally, since typical plasma in a high-temperature
and high-density state for EUV radiation expands rapidly,
the radiation duration 1 is extremely short. In order to
improve the conversion efficiency, it becomes lmportant to
sustain plasma for a lorg time (in the order of
microseconds) in a high-temperature and high-density state
suitable for EUV radiation.

[0014]

Media such as Sn and L1 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.

I0015]

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

extremely less than reguirement. In order to satisfy both
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of high conversion efficiency and high average output for
industrial application, an EUV radiant period of 1 to 5 pusec has
to be achieved with one shot. That 1is to say, in oxrder to
develop a plasma light source with high conversion efficiency,
plasma in a temperature and density state suitable for each
target has toc be constrained for 1 to 5 usec (at least 1 usec),
and stable EUV radiation has to be achieved.

[0016]

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

100171

Embodiments of the present invention have been created
to cope with the above-stated problems. Embodiments of the
present invention provide a plasma light source and z plasma
light generation method capable of generating plasma light for
EUV radiation stably for a 1long time (in the order of
microseconds), reducing damage to constituting devices due to
heat 1load, increasing an effective radiant solid angle of
generated plasma light, and supplying plasma media continuously.

foo1g]

In a first aspect of the present invention, there is

provided a plasma light source, comprising: a pair of cocaxial
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electrodes facing each other; a radiation environment sustaining
device that supplies a plasma medium into insides of the coaxial
electrodes and holds the coaxial electrodes at a temperature and
a pressure suitable for plasma generation; and a voltage
application device that applies a discharge voltage of an
inverted polarity to each of the coaxial electrodes, wherein the
each of the coaxial electrodes includes a center electrode, and
a guide electrode surrounding the center electrode with a space
kept therebetween, wherein the voltage application device
includes: a positive voltage source that applies, to the center
electrode of one of the pair of coaxial electrodes, a positive
discharge voltage higher than a voltage at the guide electrode
of the one of the pair of coaxial electrodes; and a negative
voltage source that applies, to the center electrode of the
other of the coaxial electrodes, a negative discharge voltage
lower than a voltage at the guide electrode of the other of the
coaxial electrodes, wherein tubular discharge ig formed between
the pair of coaxial electrodes, and plasma is confined in an
axial direction and a radial direction of the coaxial
electrodes.

{0019]

According to a preferred embodiment of the present
invention, the center electrode of the each of the coaxial
electrodes extends along a single axial line, the each of the
coaxial electrodes includes a ring-shaped insulator positioned

between the center electrode and the guide electrode and
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electrically insulating the center electrode from the guide
electrode, and
the center electrodes of the pair of cocaxial slectrodes
are positioned along the axial line common thereto and are
symmetrically positioned with a space kept therebetween.
[0020]

The voltage application device includes
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a trigger switch that lets the positive voltage source and the
negative wvoltage source apply a voltage to the resgpective
coaxial electrodes concurrently.

[c021]

According to another 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 porous ceramic, and

the plasma medium feeder includes a reservoir holding
the plasma medium therein and a heater liguefying the plasma
medium.

[0022]

According to still another preferred embodiment of the
present invention, a ignition laser device i1s 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]

Preferably, the ignition laser device applies laser
light at a plurality of positions on a surface of each

insulator.



[06024]

In a csecond aspect of the present invention, there ig
provided a plasma light generation method, comprising the steps
of: disposing a pair of coaxial electredes facing each other,
wherein the each of the coaxial electrodes includes a center
electrode, and a guide electrode surrounding the center
electrode with a space kept therebetween; supplying a plasma
medium into insides of the coaxial electrodes and holding the
coaxial electrodes at a temperature and a pressure suitable for
plasma generation; applying, to the center electrode of cne of
the pair of coaxilal electrodes, a positive discharge voltage
higher than a voltage at the guide electrode of the one of the
pair of coaxial electrodes, and applying, to the center
electrode of the other of the coaxial electrodes, a negative
discharge voltage lower than a voltage at the guide electrode of
the other of the ccaxial electrodes so as to generate gheet-
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 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 in an axial direction and a ‘radial
direction of the cocaxial electrodes.

[0025]

According to the above-described apparatus and methed of

the present invention, the apparatus includes a pair of coaxial
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electrodes disposed facing each other. A sheet-discharge
current (sheet-discharge) is generated at each of the pair of
coaxial electrodes, and the pair of sheet discharge causes
plasma to be formed at an intermediate position of the opposed
pair of coaxial electrodes, Next, the sheet-digcharge is

converted into
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tubular discharge between the pair of coaxial electrodes to
form plasma confining magnetic field (magnetic fleld
bottle) confining the plasma. As a result, plasma light
for FUV radiation can be generated stably for a long time
{in the order of microseconds).

[0026]

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

(00271

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

{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
configuration, the plasma medium can be supplied

continucusly.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0029]
Fig., 1 illustrates a plasma light
to Embodiment 1 of the present invention.

Fig. 2A illustrates a state where
oCours.

Fig. 2B illustrates a state where
is moving.

Fig. 2C illustrates a state where
formed.

Fig. 2D illustrates a state where
confining plasma is formed.

Fig. 3 illustrates a2 plasma light
to Fmbodiment 2 of the present invention.

Fig. 4 illustrates a plasma light
to Embodiment 3 of the present invention.

Fig.

gsource according

sheei-discharge

sheet-discharge

plasma 1s

magnetic field

source according

source according

S5A illustrates a plasma light source

according to Embodiment 4 of the present invention.

Fig. 5B is a cross-sectional view taken along the

line B-B of Fig. bA.

Fig. €A illustrates overview cof an experimental

device.

Fig. 6B schematically illustrates
capillary.

Fig. 6C schematically illustrates

capiliary.

a straicht-type

a Laper-type

Fig. 7A illustrates a typical EUV signal of
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straight type.

Fig. 78 illustrates a typical EUV signal of taper
type.

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

Fig. 9 schematically illustrates the configuration
of a vounter-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 & 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 illustrates an experimental resuit
showing the extending of a current sheet at the ccaxial
electrode.

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

electrode.

DESCRIPTION CF THE PREFERRED EMBODIMENT

[0030]

The following describes preferred embodiments of

the present invention with reference to the attached
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drawings. In the drawings, same reference numerals will be
assigned to common parts and duplicated description
therefor will be omitted.

[0031]

Fig. 1 illustrates a plasma light source according
te Embodiment 1 of the present invention.

In this drawing, the plasma light scurce of the
present inﬁention includes a pair of coaxial electrodes 10,
a radiation environment sustaining device 20 and a veltage
application device 30.

[0032]

The pair of coaxial electrodes 10 is disposed
facing each other centering a symmetry plans 1.

Fach ccaxial electrode 10 includes a rod-shaped
center electrode 12, a tubular guide electrode 14 and &
ring-shaped insulator 16.

[0033]

The rod-shaped center electrode 12 is an
electrical -conductive electrode extending on and along a
single axial line Z2-%Z. In this illustrated example, an end
face of each center electrede 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,
and the end face of each center electrode 12, facing the
symmetry plane 1, may have an arc shape or a flat shape.

[C034]
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The tubular guide electrode 14 surrounds the
center electrode 12 with a constant space kept
therebetween, where z plasma medium is held. The plasma
medium preferably is a gas such as Xe, 8n, or Li. An end
face of each guide electrode 14, facing 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 positionaed between the
center electrode 12 and the guide electrode 14, and
electrically insulates the center electrode 12 from the
guide electrods 14.

The shape of the insulator 16 is not limited to
this example, and the insulator 16 may be in other shapes
as long as it can electrically insulate the center
electrode 12 from the guide electrode 14.

[0036]

The above-stated coaxial electrodes 10 as a pair
include the center electrodes 12 positioned along the
common axial line %-7, 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
electrodes 10, and keeps the coaxial electrodes 10 at a
temperature and a pressure suitable for plasma generation.

The radiation environment sustaining device Z{ may
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be configured with a vacuum chamber, a Temperature
regulator, a vacuum device and a plasma medium feeder, for
example. This configuration is not essential, and other
configurations also are possible.

[0038]

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

In this example, the voltage application device 30
includes a positive voltage source 32, a negative voltage
source 34 and a trigger switch 36.

The positive voltage source 32 applies, to the
centar electrode 12 of one (in the example, left side) of
the coaxial electrodes 10, a positive discharge veltage
higher than that at the corresponding guide electrode 14.

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

With this configuration, the plasma light source

of the present invention generates tubular discharge
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(described later) between the pair of coaxial electrodes 10
and confines plasma in the axial direction.

[0039]

Figs. 2A to 2D explain the operation of the plasma
light source of Fig. 1. Fig. 2A illustrates a state where
sheet-discharge occurs, Fig. 2B illustrates a state where
the sheet~discharge is moving, Fig. 2C illustrates a state
where plasma is formed, and Fig. 2D iliustrates a state
where magnetic field confining plasma is formed.

Referring now to Figs. 2A to 2D, a plasma light
generation method of the present invention is described
below.

(0040}

In the plasma light generation method of the
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 slectrodes 10 at a temperature and a pressure
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.

rocaLy

As illustrated in Fig. Z2A, the applied voltage
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
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2 is a sheet-shaped discharge current that flows across the
center electrode 12 and the guide electrode 14 and two-
dimensionally extends when viewed from the axial directiocn
of the coaxial electrodes 10, which will be called a
“eurrent sheet” in the below-described 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 clectrode 14 thereof is
charged with negative voltage (-}, whereas the center
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 voltage (+).

Alternatively, the guide electrode 14 on each side
may be grounded to be kept at 0 V, and the center electrode
12 on one side may be charged with positive voltage (+) and
the center electrode 12 on the other side may be charged
with negative voltage (-).

10042]

As illustrated in Fig. 2B, the sheet-discharge 2
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-
discharge 2 reaches an end of each of the palr of cecaxial
electrodes 10, a plasma medium 6 sandwiched between the

pair of sheet-discharge Z becomes at a high density and a
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high temperature, sc that single plasma 3 is formed at an
intermediate position {(at the symmetry plane 1 of the
center electrodes 12} of the opposed ceoaxial electrodes 10.
Herein, “single” in the “single plasma 37 means that the
plasma 3 extends in a limited small area. Such an
extending area of the plasma 3 appears a spot when viewed
from the direction of the axial line Z-Z. 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
line Z-2, and extends in an area of only about 3 tc 4 mm in
the directicon of the axial line Z-Z. Dimensions of these
areas will vary in accordance with the dimensions of the
coaxial electrodes 10 and other discharge conditions.

[0044]

Further, in this statsz, the opposed pair of center
electrodes 12 is charged with positive voltage (+) and
negative veltage (=), and similarly the opposed pair of
guide electrodes 14 is charged with positive voltage (+)
and negative voltage {-). BAccordingly, as illustrated in
Fig. 2D, the sheet-discharyge 2 is converted into tubular
discharge 4 discharging between the oppqsed pair of center
electrodes 12 and between the coppesed palr cf guide
slectrodes 14. Herein, the tubular discharge 4 means a
hollow-cylindrical discharge current surrounding the axial
lins Z-Z2.

When this tubular discharge 4 is formed, plasma

confining magnetic field (magnetic bottle) indicated by
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reference numeral 5 in the drawing is formed, whereby
plasma 3 can be confined in the radial direction and the
axial direction.

That is, the magnetic bottle 5 becomes large on
the center part and small on both sides due to pressure of
the plasma 3 so that magnetic pressure gradient in the
axial direction is formed toward the plasma 3. This
magnetic pressure gradient constrains the plasma 3 at the
center position. Further, the plasma 3 is compressed (22—
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 thig state, energy corresponding teo light
emission energy of the plasma 3 continuously supplied from
the voltage application device 30 allows plasma light 8
(EUV) to be generated stably for a long time with high
energy conversion efficlency.

[0045]

According te the above-described apparatus and
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 coaxial electrodes 10, and the pair
of sheet discharge 2 causes single plasma 3 to be formed at
an intermediate position of the opposed pair of coaxial
electrodes 10. Next, the sheet-discharge 2 is converted

into tubular discharge 4 between the pair of cocaxial
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electrodes to form plasma confining magnetic field 5
(magnetic field bottle 5) confining the plasma 3. As a
result, plasma light for EUV radiation can be generated
stably for a long time (in the order of microseconds).

[GO4e]

As compared with conventional capillary
discharging and vacuum discharged metal plasma, single
plasma 3 is formed at an intermediate position of the
opposed pair of coaxial electrodes 10, and energy
conversion efficiency can be improved significantly (10
times or greater}. As a result, heat load to each
electrode during plasma formation can be reduced sc that
damage to constituting devices due to heat load can be
significantly reduced.

r0oe7]

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

| (06487

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

In this example, a ring-shaped insulator 16 is
made of porous ceramic. The plasma light source according

to the present invention is further provided with a plasma

medium feeder 18.
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The plasma medium feeder 18 is provided in
intimate contact with an outer face of the porous ceramic
16, and supplies a plasma medium into the inside of a
coaxial electrode 10 (between a center electrode 12 and a
gulde electrode 14) via the porous ceramic 16.

The plasma medium feeder 18, in this example,
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
or the like that is a solid at room temperatures, in this
example.

The other configuration is the same as in
Frbodimant 1.

10G49]

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 meintaired at a
temperature such that the vapor pressure of the plasma
medium 6 {(e.g., 3n, Li) is at a pressure {(Torr order)
suitable for plasma generation, thus making the interior of
the coaxial electrode 10 {between the center elactrode 12
and the guide electrode 14) in a vapor atmosphere of the
plasma medium & of Torr order.

Further, electrode conductors {the center
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.
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F00501]

With the above-stated configuraticn, the plasma
medium 6 can be continuously supplied to the ceaxial
elecitrode 10 so that plasma light for EUV radiation can be
generated stably for a long time (in the order of
microseconds) .

[0051]

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

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

The ignition laser device 40 in this example
includes two laser oscillators 42 and a timing controller
44, and is configured to apply laser light 7 to a surface
of an insulator 16 of each of a pair of ccaxial electrodes
10 in synchronization with a timing of discharge voltage
application by a voltage application device 30.

In this drawing, reference numeral l4a denotes an
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., guartz glass} letting the
laser light 7 pass therethrough.

[0cs2]

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
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left sides to the center electrode 12 and the guide
electrode 14 of each of a pair of the coaxial electrodes
10. 'The voltage application device 30 mey have the
configuration illustrated in Fig. 1.

The other configuration is the same as in
Embodiment 1.

[0053]

With the above-stated configuration, the laser
light 7 is applied tc a surface of the insulator 18 in
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]

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-secticnal view taken
along the line B-B.

In 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
direction of each insulator 16, and in this example are
eight positions in the circumferentizal direction. In ofder

to divide the laser light 7 into a plurality of positions,
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a beam splitter may be used, for example, and their optical
lengths are brought into the same.

In this way, the laser light 7 is divided so as to
be applied at a lot of positions spaced at regular
intervals in the circumferential direction of each
insulator 16, whereby discharge Jjitter in the
circumferential direction can be reduced, and ccincidences
of the discharge start timings in the clrcumferentizl
direction can be achieved.

{Example 1]

[GO55]

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

{(Experiment by capillary discharge)

Capillary discharge is cne of the simplest method
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
capillary.

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

{0056]

(Experimental device)

Figs. €A, 6B and 6C illustrate overview of a

capillary discharge apparatus. Fig. 6A illustrates the
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overview of an experimental device, and Figs. &R and &C
schematically illustrate a straight-type capillary and a
taper-type capillary, respectively.

The straight—-type capillary {Fig. 6B} has a length
of 10 mm and an inner diameter cf 3 mm. The taper-type
capillary (Fig. 6C) has a length 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
by an electronic contrelled valve is accelerated up to
superscnic speeds in the nozzle. Since gas is injected
iike & pulse, DPP can be driven while keeping the intexior
of the chamber at vacuum of about 107% torr. EUV signals
were measured using a photodiode (produced by IRD Inc.,
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
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. 7& and Fig. 7B, it can bs clearly found
that duration of the FEUV signal B is increased mcre in the
taper type. In a stralght-type capillary discharge

typically used for DPP, plasma is compressed {Z-pinched)
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toward a center by self magnetic field of a plasma current
at a capillary creepage surface. The plasma compressed and
heated by this Z-pinch becomes at a high temperature and
high-density state, and after maximum compression, the
plasma rapidly expands due to increased pressure. As a
result, the plasma in an EUV radiation state can exist only
for a short time.

[0058}

The intensity Pp of the self magnetic field is
represented by the following expression {2):

Paoc {I2/1%) = (2},

where I is a plasma current and v is a plasma
radius. In a taper-type capillary discharge plasma having
gradient in the axial direction, self magnetic field is
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 directicn 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
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
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
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was only about 300 nsec. Further, since the plasma was
generated in the capillary, an obtained effective solid
angle was not sufficient. As a result, it was found that
the taper capillary discharge had a difficulty in obtaining
the reguired light source property.

[Example 2]

(00607

2. Experiment using cusped magnetic field guide

Based on the above-stated experiment result, it
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 veloclty) is about 1
cm/psec, plasma confinement not only in the radial
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
the center between electrodes as well as the ability of
driving a current waveform most suitable for the current
distribution will enable & constraint forece due to self
magnetic field acting in the radial direction and a
constraint force due to magnetic pressure gradient acting
in the axizl direction. As a result, constraint of plasma
for a long time will be achieved.

[0061]
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Fig. 8 Sch@matically illustrates an experiment of
cusped magnetic field guide discharging.

This drawing illustrates the concept of current
distribution control by applied magnetic field. A
permanent magnet was disposed around each of the electrodes
as illustrated in the drawing, and controlling of an
initial current path due to cusped type magnetic field was
attempted. At the moment that high voltage was applied to
the electrodes, electreons jumping out of the cathode
generate electron avalanche while moving to the anode under
the control of electric field and cusped type magnetic
flux. As a result, the formation of current distribution
as illustrated is expected.

[0062]

In a proof-of-concept experiment, the electrodes
had a diameter of 2 mm, a length between electrodes wag 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.

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 successiully led to a
somewhat stable discharge. However, repeatability thereof
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
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instable at an early stage. An EUV light source assumes

high stability of repetition of 1 to 10 kHz to obtain an

output, and therefore instability of the plasma formation
leads to degradation in output and efficiency.

[Example 3]

[0063]

3. Z-pinch by counter-facing plasma focus system

Fig. 9 schematically illustrates a counter-facing
plasma focus apparatus, and Figs. 10a, 10B and 10C
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
system. As illustrated in Fig. 8, coaxial plasma focus
electrodes face each other. In each plasma focus
electrode, an outer guide electrode 14 is grounded, and
positive and negative high veltage is applied to an inner
electrode (center electrode 12). When high voltage is
applied to the coaxial electrodes (guide electrodes 14 andg
center electrodes 12), discharge starts al 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
self magnetic field.

[0064]

Devising on the insulator surface such as the
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installation of a metal trigger pin may reduce a threshold
of the discharge start voltage between the coaxial
electrodes smaller than the appliesd voltage. In such a
case, discharge jitter will be reduced. Herein, discharge
jitter means a delay time from voltage application to
disgcharge start.

Discharge jitter sufficiently smaller than a
current sheet advancing time in gap between the electrodes
enables the collision in the vicinity of the center between
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
time can be expsacted.

Reconnecting (converting) refers to a change in
current path and magnetic field from the discharging (state
of Fig. 10A) between an inner electrode {(center electrods
12} and an outer electrode {guide electrode 14] to the
discharging {state of Fig. 10B) between opposed pailr of
inner electrodes {center electrodes 12) and besiwean opposed
pair of outer electrodes (guide electrodes 14} . This
reconnecting can be autcomatically conducted by adljusting a
space between the pair of ccaxzial electrodes and by
changing a discharge veltage, for example.

[00865]

A current waveform can be controclled by circuit
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parameters. After succegsful reconnecting, if a balance
between the pressure gradient of plasma and the magnetic
pressure gradient in radial direction and in the axial
direction can be established by an optimum current
waveform, plasma can be constrained in the order of
microseconds.

An important point in this experiment resides in
simzltaneity of discharge start, uniformity cf current
sheets, and reconnecting of current sheets when the
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)

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

Tn this drawing, the center electrodes 12 had a
diameter of 5 mm, the cuter guide electrode 14 had an innex
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
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
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electrode) can be changed by adjusting the length of the
insulator. The capacitor capacity was 1 pF, the applied
voltage was 10 to 15 kV, and the circuit inductance was 0.4
pH. In order to check the overall behavior of current
sheet, a high-speed framing camera (produced by DRS HADLRND
Ltd. IMACON468) was disposed in the axial direction for
abservation in a visible light area.

[0067]

{Results and Consideration}

Fig. 12A and Fig. 1ZB 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 Blectrode” and
*outer electrode” correspond to the rod-shaped center
electrode 12 and the tubular gulde electrode 14,
raspectively.

Fig. 12A and Fig. 12B illustrate a state where -15
¥V was applied to the center electrode, and driving was
performed with a current of sinusoidal waveform (period of
4 psec). A discharge peak current and an initial gas
pressure at this time were 4 XA and 110 mtorr (Ax),
respectively, and an exposure time was 100 nsec. Fig. IZA
illustrates a state of plasma extending immediately after
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
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by arrow S shows the extending of plasma.

In Fig. 12A and Fig. 12B, an azimuth angle 8 is a
rotation angle indicating a circumferential position around
the center electrode 12, and a position of 8=0° and a
position of 6=%180° are illustrated. It can be understood
that extending of 180 degrees or greater occurs in the
azimuth angle 8 direction until the discharge starting from
one position (i.e., the position of 0=0°} reaches a peak
current. Based on this result, it can be understood that a
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 cobtained by
letting discharge start at two or more positions.

As can be understocd from Fig. 12B and the
configuration of Fig. 1, the present invention enables the
configuration without any shield on the outside in the
plasma radial direction (with reference to the axial line
7-%), and therefore the effective radiant solid angle of
plasma light can be made larger.

[0068]

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
start and the plasma emission, the velocity of the current
sheet estimated is estimated at about 1 cm/psec under the

above~stated condition. Since a gap between the electrodes
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is about 5 to 10 mm, a permissible time lag for discharge
start between both selectrodes is about 100 nsec.

Based on the above-stated experiment, a benchmark
for current sheet ccllision was obtained for the
simultaneity in discharge start and the uniformity of a
current sheet. Discharge 9itter is a feasible value in
terms of a performance of the device, and two or more
discharge start points can be formed by devising the
trigger pin.

[0669]

As stated above, the present inventcers measurad
FUV radiation of Xe plasma using a taper-type capillary,
and compared the result with that in conventicnal capilliary
discharge. It was found that EUV light emission time was
lengthened by the manipulation 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
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

and efficiency.
100701
In order to cope with these problems, the present

inventors conducted the experiment using cusped magnetic
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field as a guide for emitted éelectrons as a potential
method capable of handling initial current distribution.
Although a guide effect by the magnetic field was confirmed
in the experiment, the gulde effect was not effective as in
the taper—type capillary, and stable plasma shape was not
found. Conceivably, this is because the plasma formaticn
strongly depends on an instable path of initially emitted
electrons.

(00711

For a method of forming EUV plasma and confining
the same stably, the present inventors proposed & 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
of the current sheet will allow the plasma to be compressed
in the axial direction while being maintained due to self
magnetic field, whereby & plasma shape of stable
orientation that is suitable for long-time EUV radiation
can be formed. The formation of light gource plasma
controlled in terms of sgpace 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 respects as illustrative and not
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
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CLATIMS

1. A plasma light source, comprising:

a pair of coaxial electrodes facing each other;

a radiation envircnment sustaining device that
supplies a plasma medium into ingides of the coaxial
electrodes and holds the coaxial electrodes at a
temperature and a presgure sultable for plasma generation;
and

a voltage application device that applies a
discharge voltage of an inverted polarity to each of the
cocaxial electrodes,

wherein the each of the coaxial electrodes includes a
center electrode, and a gulde electrode surrounding the center
electrode with a space kepit therebetween,

wherein the voltage application device includes:

a positive voltage source that applies, to the center
electrode of one of the pair of coaxial electrodes, a positive
discharge wvoltage higher than a voltage at the guide electrode
of the one of the pair of coaxial electrodeg; and

a negative voltage source that applies, to the center
electrode of the other of the coaxial electrodes, a negative
discharge voltage lower than a voltage at the guide electrode of
the other of the coaxial electrodes,

wherein tubular discharge is formed between the
pair of cecaxial electrodes, and plasma is confined in an
axial direction and a radial direction of the coaxial

electrodes.

2. The plasma light source according to claim 1,
wherein the center electrode of the each of the
coaxial electrodes extends along a single axial line,

the each of the coaxial electrodes includes a ring-
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ring-shaped insulator positicned between the center
electrode and the guide electrode and electrically
insulating the center electrode from the guide electrode,
and

the center electrodes of the pair of coaxial
electrodes are posgitioned along the axial line common
thereto and are symmetrically positicned with a space kept

therebetween.

3. The plasma light source according to claim 1 or Z,
wherein the vecltage application device includes

a trigger switch that lets the positive voltage source and

the negative voltage source apply a voltage to the

respective coaxial electrodes concurrently.

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
of the ccaxial electrodes via the porous ceramic, and

the plasma medium feeder includes a reservoir
holding the plasma medium therein and a heater liguefving

the plasma medium.

5. The plaswa light source according to claim 1 or 2,
further comprising a ignition laser device that applies
laser light to a surface of the insulator of each of the
pair of coaxial electrodes in gynchronization with an

application timing of the discharge voltage.
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G . The plasma light source according to claim 5,
wherein the ignition laser device applies laser light

at a plurality of positions on a surface of each insulator.

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

disposing a pailr of coaxial electrodes facing each
other, wherein the sach of the coaxial electrodes includes a
center electrode, and a guide electrode surrcunding the center
electrode with a space kept therebetween;

supplyving a plasma medium into insides of the
coaxial electrodes and holding the coaxial electrodes at a
temperature and a pressure sultable for plasma generation;

applying ., to the center electrode of one of the pair
of coaxial electrodes, a positive discharge voltage higher than
a voltage at the guide electrode of the one of the pair of
coaxial electrodes, and applving, to the center electrode of the
other of the coaxial electrodes, a negative discharge voltage
lower than a voltage at the guide electrode of the other of the
coaxial electrodes so as to generate sheet-discharge at each
of the pair of coaxlal electrodes and generate plasma at
an intermediate position by the sheet-discharge between
the pair of coaxial 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 in an axial direction

and a radial direction of the ccoaxial electrodes.
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PLASMA LIGHT SOURCE AND PLASMA LIGHT GENERATION METHOD

ABSTRACT

A plasma light source includes a pair of coaxial
electrodes 10 facing esach other, a radiation environment
sustaining device 20 that supplies a plasma medium into the
insides of the coaxial electrodes and holds the cocagial
electrodes at a temperature and a pressure suitable for
plasma generation, and a voltage application device 30 that
applies a discharge voltage of an inverted polarity to each
of the coaxial electrodes. Tubular discharge 4 is formed
between the pair of coaxial electrodes and plasma 3 is

confined in an axizl direction of the ceaxial electrodes.

FIGURE 1



