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DROPLET GENERATION FOR A LASER PRODUCED PLASMA LIGHT
SOURCE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application is related {0 and claims the banefit of the earliest
available effective filing date(s) from the following listed application{s) (the
‘Related Applications”) (e.q., claims earliest available priority dates for other than
provisional patent applications or claims benefits under 35 USC § 11%(e) for
provisional patent applications, for any and all parent, grandparent, grest-

grandparent, etc. applications of the Related Application(s)).

Related Applications:

For purposes of the USPTO exira-statutory requirements, the
present application constitutes a regular {(non-provisional) patent
application of United States Provisional Patent Application entitled
DROPLET GENERATION FOR A LASER PRODUCED PLASMA
LIGHT SOURCE, naming Brian Ahr, Alexander Bykanov, Rudy
Garcia, Layton Hale, and Qleg Khodykin as inventor, filed
November 10, 2018, Application Serial Number 62/253,631, which

is incorporated herein by reference in the entirety.

TECHNICAL FIELD

{00021 The present disclosure relates generally to plasma-based light sources
for generating light in the extreme ultraviolet (EUV) range (i.e., light having a
wavelength in the range of 10nm - 124nm and including light having a
wavelength of 13.5nm). Some embodiments described herein are high

brightness light sources particularly suitable for use in metrology and/or mask
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nspection activities, (e.g., actinic mask inspection and including blank or
patterned mask inspection). More generally, the plasma-based light sources
described herein can also be used (directly or with appropriate modification) as

so-called high volume manufacturing (HVM) light sources for patterning chips.
BACKGROUND

jo003]  Plasma-based light sources, such as laser-produced plasma (LPP)
sources are often used o generate extreme ultraviolet (EUV) light for
applications such as defect inspection, photolithography, or metrology. In
overview, in these plasma light sources, light having the desired wavelength is
emitted by plasma formed from a target material having an appropriate line-
emitting or band-emitting element, such as Xenon, Tin, Lithium or others. For
example, in an LPP source, a target material is irradiated by an excitation source,

such as a laser beam, to produce plasma.

100041 For these sources, the light emanating from the plasma is often collected
via a reflective oplic, such as a collector optic (e.q., a near-normal incidence or
grazing incidence mirror).  The collector oplic directs, and in some cases
focuses, the collected light along an optical path to an intermediate location
where the light is then used by a downstream tool, such as a lithography too!

(i.e., stepper/scanner), a melrology tool or a mask/pellicle inspection tool.

(00051 In some applications, Xenon, in the form of a jet or droplet (i.e., liquid
droplet or frozen pellet) can offer certain advantages when used as a target
material. For example, a Xenon target malerial rradiated by a 1um drive laser
can be used {0 produce a relatively bright source of EUV light that is particularly

suitable for use in a metrology tool or a mask / pellicle inspection tool.

[0008]  Xenon and other cryogenic gases form liquid droplets and solid pellets
under special conditions of pressure and temperature. In one arrangement,
Xenon can be pressurized and cooled such that it liquefies. The liquid Xenon is

then emitted from a nozzle as a jet and subseqguently droplets are formed from
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the decaying jet. The droplets {e.g., liquid droplets or frozen peliet droplets) then
travel to a site in a vacuum environment where the droplets are irradiated by a
laser beam to produce an EUV emitting plasma. As the jetV/droplets travel, the
Xenon evaporates creating Xenon gas which can strongly absorb EUV light
leading to significant losses in EUV transmission. For example, the environment
in the LPP chamber where the target maierial is irradiated is generally held to a
total pressure of less than about 40mTorr and a partial pressure of Xenon of less
than about bdmTorr in order to allow the EUV light to propagate without being
absorbed. In more gquantitative terms, the light transmission of 13.5nm EUV light
through 1 Torrom (pressure®distance) of Xenon gas at room temperature is only

about 44 percent.

(00071 Droplet positional stability is another factor that is often considered when
designing an LPP system. Specifically, for good conversion afficiency, it is
desired that the droplets reach the irradiation location accurately to ensure a
good coupling betwaen the target material droplet and the focused laser beam.
in this regard, the environment that the target malerial experiences from the
nozzle o the wradiation site can affect positional stability.  Factors affecting
positional stability can include the path length, conditions such as temperature
and pressure along the path {(which can affect evaporation rate) and any gas

flows along the path.

[oo08}]  Therefore, it is desirable to create a Droplet Generator for a Laser

Produced Plasma Light Source that cures the shoricomings of the prior art.

SUMMARY

00081 In a first aspect, a device is disclosed having a nozzle for dispensing a
figuid target material, an intermediary chamber posttioned 1o receive target
material, the intermediary chamber formed with an exit aperture {0 output target

material for downstream irradiation in an LPP chamber, and a system for
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controliing gas composition in the intermediary chamber by introducing a

measured flow of gas into the intermediary chamber.

00101 For this aspect, the device can be a single intermediary chamber device
or a multiple intermediary chamber device (i.e., having two or more intermediary

chambers).

00111 In one embodiment of this aspect, an intermediary chamber has a
channel extending from a first end 1o a second end with the exit aperture at the

second end.

00121 In a particular embodiment, an intermediary chamber has a channel
extending from a first end to a second end with the exit aperture at the second
end and a channel length from the first end 1o the second end is in the range of
20um to 500um. In one particular embodiment, an intermediary chamber has an
internal surface extending from the channel at the first end, the internal surface
having a shape selected from the group of shapes consisting of frustoconical,
concave, convex, flat and gradually tapering. In some implementations, the
channel may have a specific profile, for example, a Lavelle nozzle profile al least

for some section of the channel.

00131 In one embodiment, the exit aperture of an intermediary chamber can

have a diameter in the range of 100um to 1000um.

00141 In a particular embodiment, an intermediary chamber has a channel
extending from a first end to a second end with the exit aperture at the second
end, the channel defines an axis and the intermediary chamber has a concave
intermal surface extending from the channel at the first end o an edge positioned

at an axial distance from the exit aperture in the range of 2mm to 10mm.

00151 In one embodiment, an intermediary chamber has a channel extending
from a first end o a second end with the exit aperture at the second end, the

channel defines an axis and the intermediary chamber has a concave internal
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surface extending from the channel at the first end {0 establish an angle between

the internal surface and the axis greater than 60 degrees.

[0018] In one implementation of this aspect, the liquid target material is Xenon
(or includes Xenon) and the system for controlling gas composition in the
intermediary chamber by introducing a measured flow of gas into the
intermediary chamber introduces a gas other than Xenon into the intermediary
chamber. For example, a gas having a higher EUVY transmission than the target
material gas (e.q., Xenon gas), such as Hydrogen, Helium, HBr, Argon, Nitrogen
or combinations thereof, can be introduced by the system for controliing gas

composition.

(00177 For this aspect, the device can also inciude a system for controlling gas
temperature in one or more intermediary chamber(s) having one or more
temperature control elements. For example, a temperature control element can
be a fin{s) disposed within an intermediary chamber, a fin(s) positioned outside
an intermediary chamber, a Pellier cooling element, a plate formed with an
internal fluid passageway for passing a heat transfer fluid through the plate, or an

insulated plate.

00181 In one embodiment, the device can include a motorized iris to establish

the exit aperture of an intermediary chamber.

00181  In one arrangement of this aspect, a second intermediary chamber is
positioned {0 receive target material from a first intermediary chamber exit
aperture and s formed with an exit aperture {o oulput target material for
downstream irradiation in the LPP chamber, and the device includes a system for
controliing gas compaosition in the first intermediary chamber by introducing a
measured flow of gas into the first intermediary chamber and system for
controlliing gas composition in the second intermediary chamber by infroducing a
measured flow of gas info the second intermediary chamber. With this

arrangement, an embodiment can include a Xenon hiquid target material and the
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system for controlling gas composition in the first intermediary chamber can
control the partial pressure of Xenon to a Xenon partial pressure pxer, and the
system for controlling gas composition in the second intermediary chamber cab

control the partial pressure of Xenon 1o a Xenon partial pressure Pyep, With Dyxer =

Pxez.

00201 In another aspect, a device is disclosed that includes a nozzle for
dispensing a hguid target material, a first infermediary chamber positioned to
recaeive target matenal, the first intermediary chamber formed with an exit
aperture to output target material for downstream irradiation in a laser produced
plasma (LPP); and a second intermediary chamber positioned {0 receive target
material, the second intermediary chamber formed with an exit aperture to output

target material for downstream irradiation in the LPP chamber.

00211 In one embodiment of this aspect the device includes a third
intermediary chamber positioned to receive target material, the third intermediary
chamber formed with an exit aperture to output target material for downstream
radiation in the LPP chamber. In a particilar embodiment, the second
intermediary chamber receives target material from the first intermediary
chamber exit aperture, the third intermediary chamber receives target material
from the second intermediary chamber exit aperture and the first intermediary
chamber exit aperture has a diameter, dq, the second intermediary chamber exit
aperture has a diameter, d, and the third intermediary chamber exit aperiure has

a diametier, da, with dy > dy > ds to establish an aerodynamic lens.

(00221 In one particular embodiment of this aspect, the second intermediary
chamber receives target material from the first intermediary chamber exit
aperture and the device further comprises a system for controlling gas pressure
in the first intermediary chamber at a pressure, ps, and a system for controliing
gas pressure in the second intermediary chamber at a pressure, p, with py > po.
For example, the system for controlling gas pressure in the first intermediary

chamber can include a sub-system for introducing a measured flow of gas into
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the first intermediary chamber and a sub-system for pumping a measured flow of

gas from the first intermediary chamber.

00231 In an embodiment of this aspect, the second intermediary chamber
receives target material from the first intermediary chamber exit aperture and the
device includes a system for controliing gas temperature in the first intermediary
chamber at a temperature, {4, and a system for controlling gas temperature in the

second intermediary chamber at a temperature, tp, with {4 > ta.

00241 In an embodiment of this aspect, the system for controlling gas
temperature in an intermediary chamber comprises a temperature control
element selected from the group of temperature control elements consisting of a
fin disposed within an intermediary chamber, a fin positioned oulside an
intermediary chamber, a Peltier cooling element, a plate formed with an internal
fluid passageway for passing a heat transfer fluid through the plate and an

insulated piate.

00251 In ancther aspect, a device is disclosed that includes a nozzle for
dispensing a liguid target matenal for irradiation by a drive laser in a laser
produced plasma (LPP) chamber and an assembly establishing an intermediary
chamber positioned {0 receive target material at a chamber input location, the
intermediary chamber formed with an exit aperture o oulput target material for
downstream irradiation in a laser produced plasma chamber, the intermediary
chamber defining a length, L, between the input location and exit aperture, and
wherein the assembly has a subsystem for adiusting the length, L, of the

intermediary chamber while the chamber is maintained in a pressurized slate.

{00261 For this aspect, the device can be a single intermediary chamber device
or a multiple intermediary chamber device (i.e., having two or more intermediary

chambers).

00277 In one embodiment of the aspect, the assembly includes a first

component having a cylindrical wall of inner diameter, Dy and a second

7



WO 2017/083569 PCT/US2016/061408

component having a cylindrical wall of outer diameter, Dy with Dy > Dy, and a seal
positionad between the first component cylindrical wall and second component
cvlindrical wail. In a particular implementation, the first cylindrical wall defines an
axis and the assembly further includes a motor arranged to move one of the first

and second components axially to vary the length, L.

00281 In another embodiment of the aspect, the assembly includes a bellows
having a first end and a second end and a motor arranged {0 move the Tirst end

relative to the second end to vary the length, L.

{00291 In some embodiments, a device as described herein can be incorporated
into an inspection system such as a blank or patterned mask inspection system.
In an embodiment, for example, an inspection system may include a light source
delivering radiation to an intermediate location, an optical system configured to
Hluminate a sample with the radiation, and a detector configured 1o receive
Hiumination that is reflected, scattered, or radiated by the sample along an
imaging path. The inspection system can also include a computing system in
communication with the detector that is configured to locate or measure at least
one defect of the sample based upon a signal associated with the detected

iHumination.

{00301 In some embodiments, a device as described herein can be incorporated
into a lithography system. For example, the light source can be used in a
fithography system 1o expose a resist coated wafer with a patterned beam of
radiation. In an embodiment, for example, a lithography system may include a
ight source delivering radiation to an intermediate location, an optical system
receiving the radiation and establishing a patterned beam of radiation and an

optical system for delivering the patterned beam {o a resist coated wafer.

(00311 1t is to be understood that both the foregoing general description and the
foliowing detailed description are exemplary and expianatory only and are not

necessarily restrictive of the invention as claimed. The accompanying drawings,
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which are incorporated in and constitute a part of the specification, illustrate
embodiments of the invention and together with the general description, serve to

explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

(00321 The numerous advantages of the disclosure may be better understood

by those skilled in the art by reference to the accompanying figures in which:

FIG. 1 is a simplified schematic diagram illustrating an LPP light source, in

accordance with one or more embodiments of the present disclosure;

FIG. 2 is a simplified schematic diagram illustrating a droplet generator having a
single intermediary chamber, in accordance with one or more

embodiments of the present disclosure;

FIG. 3 is a simplified schematic diagram illustrating a droplet generator having
multiple intermediary chambers, in accordance with one or more

embodiments of the present disclosure;

FIG. 4 is a perspective sectional view of a droplet generator illustrating the
internal details of a jet generator, in accordance with one or more

embodiments of the present disclosure;

FIG. 5 is a perspective sectional view of the distal (downstream) portion of an
intermediary chamber having a channel with an exit aperture at the distal
end and a concave interior surface that extends from the proximal end of
the channel, in accordance with one or more embodiments of the present

discloswre;
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FIG

FIG.

FIG.

FIG.

FIG.

FIG.

. 6 is a sectional view of the intermediary chamber portion shown in FIG. &
showing the length and angle of inclination of the concave interior surface,

in accordance with one or more embodiments of the present disclosure;

7 is a detail, sectional view of a portion of the intermediary chamber
enclosed within detail arrow 7-7 in FIG. 6 showing channel diameter and
length, in accordance with one or more embodiments of the present

disclosure;

8 is a perspective sectional view of the distal (downstream) portion of an
intermediary chamber having a channel with an exit aperiure at the distal
end and a convex interior surface that extends from the proximal end of
the channel and is formed by a constant thickness sheet, in accordance

with one or more embodiments of the present disclosure;

9 is a perspective sactional view of an intermediary chamber having a
channel with an exit aperiure at the distal end and a gradually tapered
interior surface that extends from the proximal end of the channel, n

accordance with one or more embodimenis of the present disclosure;

10 is a perspective sectional view illustrating an intermediary chamber
having a channel with an exit aperture at the distal end and a convex
irterior surface that extends from the proximal end of the channel and is
formed by a sheet having a tapering thickness, in accordance with one or

more embodiments of the present disclosure,;

11 is a perspective sectional view of a droplet generator having mulliple
intermediary chambers which establish an aerodynamic lens, in

accordance with one or more embodiments of the present disclosure;

Figs. 12A is a detail, sectional view of a portion of the intermediary chambers

enclosed within detail arrows 12A-12A in FIG 11, showing channel
diameter for each of the intermediary chambers shown in Fig. 11, in

accordance with ong or more embodiments of the present disclosure;

10
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Figs. 12B is a detail, sectional view of a portion of the intermediary chambers
enclosed within detail arrows 12B-12B in FIG. 11, showing channel
diameter for each of the intermediary chambers shown in FIG. 11, in

accordance with one or more embodimentis of the present disclosure;

Figs. 12C is a detail, sectional view of a portion of the intermediary chambers
enclosed within detall arrows 12C-12C in FIG. 11, showing chamnel
diameter for each of the intermediary chambers shown in FiG. 11, in

accordance with one or more embodiments of the present disclosure;

FIG. 13 is a simplified, sectional view of a portion of a droplet generator having
an exit aperture of an intermediary chamber that is formed with a
motorized iris assembly, in accordance with one or more embodiments of

the present disclosure;

FIG. 14 is a sectional view as seen along line 14-14 in FIG. 13 showing the
motorized iris assembly, in accordance with one or more embodiments of

the present disclosure;

FIG. 15 is a perspective view of an intermediary chamber having an
environmental control system for controlling gas temperature consisting of
a piate having a passageway for passing a heat transfer fluid, in

accordance with one or more embodiments of the present disclosure;

FIG. 16 is a sectional view showing two intermediary chambers, each having an
environmental control system for controlling gas temperature consisting of
a plate having a passageway for passing a heat transfer fluid and an
insulator plate separating the two intermediary chambers, in accordance

with one or more embodiments of the present disclosure;

FIG. 17 is a sectional view showing two intermediary chambers, each having an
environmental control system for controlling gas temperature consisting of
a temperature control clamshell and an insulator plate which establishes

the exit aperture of the first intermediary chamber and thermally isolales

11



WO 2017/083569 PCT/US2016/061408

the two intermediary chambers from each other, in accordance with one or

more embodiments of the present disclosure;

FIG. 18 is a sectional view of a plurality of intermediary chambers showing an
environmental control system for controlling gas pressure andfor gas
composition for one of the intermediary chambers, in accordance with ong

or maore embodiments of the present disclosure;

FIG. 19 is a sectional view as seen along line 19-19 in FIG. 18 showing a
symmetrical arrangement of poris for introducing gas into an intermediary
chamber, in accordance with one or more embodiments of the present

disclosure:

FIG. 20 is a section view as seen along line 20-20 in FIG. 18 showing a
symmetrical arrangement of ports for removing gas from an intermediary
chamber, in accordance with one or more embodiments of the present

disclosure;

FIG. 21 is a sectional view of a first embodiment of an intermediary chamber
having an adjustable length, in accordance with one or more embodiments

of the present disclosure;

FIG. 22 is a sectional view of another embodiment of an intermediary chamber
having an adjustable length, in accordance with one or more embodiments

of the present disclosure;

FIG. 23 is a simplified schematic diagram illustrating an inspection systam
incorporating a light source, in accordance with one or more embodiments

of the present disclosure,; and

FIG. 24 is a simplified schematic diagram illustrating a lithography system
incorporating a light source, in accordance with one or more embodiments

of the present disclosure.

12
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DETAILED DESCRIPTION OF THE INVENTION

100331 Reference will now be made in detail {o the subject matter disclosed,
which is Hliustrated in the accompanying drawings. At the outset, it should be
appreciated that like drawing numbers on different drawing views identify
identical, or functionally similar, structural elements of the disclosure. it is to be
understood that the disclosure as claimed is not limited to the disclosed aspects.
Furthermore, it is understood that this disclosure is not limited to the particular
methodology, materials and modifications described and as such may, of course,
vary. It is also understood that the terminology used herein is for the purpose of
describing particular aspects only, and is not intended to limit the scope of the

present disclosure.

00341 FIG. 1 shows an embodiment of a light source {generally designaied
100) for producing EUV light and a droplet generator 102, For example, the light
source 100 may be configured o produce in-band EUV light (e.g., light having a
wavelength of 13.5nm with 2% bandwidth). As shown, the light source 100
includes an excitation source 104, such as a drive laser, configured to iradiate a
target material 106 at an irradiation site 108 {o produce an EUV light emitting
plasma in a laser produced plasma chamber 110, In some cases, the target
material 106 may be irradiated by a first pulse (pre-pulse) followed by a second
pulse (main pulse) to produce plasma. As an example, for a light source 100 that
is configured for aclinic mask inspection aclivities, an excitation source 104
consisting of a puised drive laser having a solid state gain media such as
Nd:YAG outputting light at approximately 1um and a target material 106 including
Xenon may present certain advantages in producing a relatively high brightness
EUVY light source useful for actinic mask inspection. Other drive lasers having a
solid state gain media such as ErYAG, Yb'YAG, TiSapphire or Nd:Vanadate
may also be suitable. Gas-discharge lasers, including excimer lasers, may also
be used i they provide sufficient ouiput at the required wavelength. An EUV

mask inspection system may only require EUV light in the range of about 10W,

13
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though with high brightness in a small area. In this case, to generate EUV light of
sufficient power and brightness for a mask inspection system, otal laser cutput in
the range of a few kilowatis may be suitable, which output is focused onto a
small target spot, typically less than about 100um in diameter. On the other
hand, for high volume manufacturing (HVM) activities such as photolithography,
an excitation source 104 consisting of a drive laser having a high power gas-
discharge CO; laser system with multiple amplification stages and outputting light
at approximately 10.6um and a target maierial 106 including Tin may present
certain advantages including the production of in-band EUV light with relatively

high power with good conversion efficiency.

00351  Continuing with reference to FIG. 1, for the light source 100, the
excitation source 104 can be configured to wradiate the target matenial 106 at an
irradiation site 108 with a focused beam of llumination or a train of light pulses
delivered through a laser input window 112, As further shown, some of the light
emitted from the irradiation site 108, travels o a coliector optic 114 {e.g., near
normal incidence mirror) where it is reflected as defined by exireme rays 116a
and 116b to an intermediate location 118, The collector optic 114 can be a
segment of a prolate spheroid having two focal points having a high-quality
polished surface coated with a multitayer mirror (e.g., Mo/Si or NbC/Si) optimized
for in-band EUV reflection. In some embodiments, the reflective surface of the
collector optic 114 has a surface area in the range of approximately 100 and
10,000 cm? and may be disposed approximately 0.1 to 2 meters from the
irradiation site 108. Those skilled in the art will appreciate that the foregoing
ranges are exemplary and that various optics may be used in place of, or in
addition to, the prolate spheroid mirror for collecting and directing light to an
intermediaie location 118 for subsequent delivery to a device utilizing EUV

Hiumination, such as an inspection system or a photolithography system.

00381 For the light source 100, LPP chamber 110 is a low pressure container in
which the plasma that serves as the EUV light source is created and the resulting

EUV light is collected and focused. EUV light is strongly absorbed by gases,

14
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thus, reducing the pressure within LPF chamber 110 reduces the attenuation of
the EUV light within the light source. Typically, an environment within LPP
chamber 110 is maintained at a tolal pressure of less than 40mTomr (e.g., for
Argon buffer gas), or higher for Hy, or Helium buffer gas, and a partial pressure of
Kenon of less than 5SmTorr to allow EUV light to propagate without being
subsiantially absorbed. A buffer gas, such as Hydrogen, Helium, Argon, or other

inert gases, may be used within the vacuum chamber.

(00371 Droplet generator 102 is arranged {o deliver droplets of target material
106 into LPP chamber 110 in such a way that a droplet will intersect iradiation
site 108 at the same time as a focused pulse of light from excitation source 104
reaches the irradiation site. As used herein, by "droplet,” it is generally meant a
small amount of material that will be acted upon by radiation emitted from a laser
and thereby converted to plasma. A "droplet” may exist in gas, hiquid, or solid
phases. By "peliet” it is generally meant a droplet that is in a solid phase, such
as by freszing upon moving into a vacuum chamber. As an example, target
material 106 may comprise droplets of liquid or solid Xenon, though target
material 106 may comprise other materials suitable for conversion to plasma,
such as other gases Tin or Lithium. Droplet direction and timing adjustments to
droplet generator 102 can be controlied by control system 120, In some cases, a
charge may be placed on the droplet and one or more electric or magnetic fields

may be applied to sieer/stabilize the droplets (not shown).

100381 As further shown in FIG. 1, the EUV beam at intermediate location 118
can be projected into internal focus module 122 which can serve as a dynamic
gas lock to preserve the low-pressure environment within LPP chamber 110, and
protect the systems that use the resulting EUV light from any debris generated by

the plasma creation process.

0039 Light source 100 can also include a gas supply system 124 in
communication with control system 120, which can provide target material and

other gases (see below) to droplet generator 102 and can control injection of
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protective buffer gas(ses) into LPP chamber 110 {(e.g., via port 126) and can
supply buffer gas to protect the dynamic gas lock function of intermnal focus
module 122, A vacuum system 128 in communication with conirol system 120,
e.g., having one or more pumps, can be provided to establish and maintain the
low prassure environment of LPP chamber 110 {e.g., via port 130) and in some
cases, provide pumping for the droplet generator 102 (see discussion below). In
some caseas, target material and / or buffer gas{ses) recovered by the vacuum

system 128 can be recycled.

00401  Continuing with reference to FIG. 1, it can be seen that light source 100
can include a target material sensor 132 {0 measure droplet location and/or
timing. This data can then be used io adjust droplet direction and/or adjust
timing of the droplet generator 102 and/or excitation source 104 to synchronize
the droplet generator 102 and excitation source 104. Also, a diagnostic tool 134
can be provided for imaging the EUV plasma and an EUV power meter 136 can
be provided to measure the EUV light power output. A gas monitoring sensor 138
can be provided to measure the temperature and pressure of the gas within LPP
chamber 110. All of the foregoing sensors can communicate with the control
system 120, which can control real-time data acquisition and analysis, data
logging, and realtime control of the various EUV light source sub-systems,

including the excitation source 104 and droplet generator 102.

o411} FIG. 2 shows an example of a droplet generator 102 for use in the light
source 100 shown in FIG. 1. As shown, the droplet generator 102 can include a
jet generator 140 having a nozzie 142 dispensing a liquid target material as a jet
144 which subsequently breaks up into droplets 146 within an intermediary
chamber 148. More details regarding jet generator 140 are provided below with
reference to FIG. 4. Also shown in FIG. 2, the intermediary chamber 148 can be
formed with an exit aperture 150 to oulput target material for downstream
irradiation in an LPP chamber 110. FIG. 2 also shows that an environmental
control system 152 can be provided for conirolling one or more of gas

composition, gas temperature and gas pressure in the intermediary chamber
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148, Lines 154, 156 illustrate that the jet generator 140 and environmental

control system 152 can communicate with the control system 120 (see FIG. 1).

00421 FIG. 3 shows an example of a droplet generator 102a for use in the light
source 100 shown in FIG. 1 having mulliple intermediary chambers 148a, 148b
positioned, in series, along the target material path. As shown, the droplet
generator 102a can include a jet generator 140 having a nozzle 142 dispensing a
Hquid target material as a jet 144 which subseguenily breaks up into droplets 146
within an intermediary chamber 148a, 148b. Also shown in FIG. 3, each
intermediary chamber 148a, 148b can be formed with a respective exit aperture
150a, 150b to outpul target material for downsiream wradiation in an LPP
chamber 110. FIG. 3 also shows that environmental control systems 152a, 152b
can be provided for controlling one or more of gas composition, gas temperature
and gas pressure in each respective intermediary chamber 148a, 148b. Lines
154, 156a and 1560 illustraie that the jet generator 140 and environmental
control systems 152a, 152b can communicate with the control system 120 (see
FIG. 1). Although the droplet generator 102a of FIG. 1 is shown having two
intermediary chambers 148a, 148b, it is {0 be appreciated that the droplet
generators described herein can include more than two (e.q., three, four, five or
more) intermediary chambers and as few as one intermediary chambers as
shown in FIG. 2.

(60431 The use of a droplet generator 102a having mulliple intermediary
chambers 148a, 148b may be advaniageous in some cases. For example, in
some arrangements, the conditions in a single chamber design may not be able
to be simultaneously optimized for the jet, droplet formation, and emission into
the LPP chamber 110. For example, droplet formation may require a higher
pressure than is allowed in the last intermediary chamber before the LPP
chamber 110; a higher pressure would result in high Tlow or require a smaller
aperture to limit that flow. The higher flow may result in increased target material
(Xenon) pressure in the LPP chamber 110, reducing light transmission, and can

also be expensive because of the high cost of Xenon. Merely using a smaller
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exit aperture may not always be feasible in terms of alignment. In some cases,
using multiple intermediary chambers can improve the stability of the droplets in
vacuum. By reducing overall gas flow (Xe plus other gases) from intermediary
chamber {0 intermediary chamber and into the EUV chamber, the droplets may
be less perturbed as they enter the next chamber(s). The number of chambaers
can be chosen such that the pressure drops result in gas flow between chambers

that reduces, and in some cases eliminates, droplet perturbation.

00441 FIG. 4 shows another example of a droplet generator 102b for use in the
light source 100 shown in FIG. 1. As shown, the droplet generator 102b can
include a jet generator 140 having a nozzle 142 dispensing a liguid target
material as a jet 144 which subsequently breaks up into droplets 146 within an
intermediary chamber 148c¢. As shown, the jet generaior 140 includes a target
material source 158 feeds a constant supply of the liquid target material through
a nozzle 142 that is formed as an elongated tube (e.q., capillary tube). A
piezoelectric actuator 160 is positionad o surround the tube and modulates the
flow velocity of target material through nozzle tip 162, This modulation
controliably influences the breakup of jet 144 into droplets 146, Any modulation
waveform known in the pertinent art can be used to drive the piezoelectric
actuator 160, For example, a drive waveform designed to produce coalescing

droplets can be used.

00457 Also shown in FIG. 4, the intermediary chamber 148c can be formed with
an exit aperture 150c to output target material for downstream irradiation in an
LPP chamber. As shown, a frustoconical shell 164 can be positioned at the
distal {i.e., downstream) end of infermediary chamber 148c. A more complete
description of the frustoconical shell 164 is provided in U.S. Patent Application
Number 14/180,107, titled "EUV Light Source Using Cryogenic Droplet Targets in
Mask Inspection” by Bykanov et al., filed February 13, 2014, the entire contents
of which are hereby incorporated by reference herein. However, a frustoconical
shell may not always be the optimal shape io terminate each intermediary

chamber, because it may be desirable for the flow of gas from one intermediary
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chamber to another chamber fo be laminar and low enough to maintain the

proper pressure in the subsequent chamber.

00461 FIGS. 5-7 show a distal (i.e., downstream) portion of an intermediary
chamber 148d having a channel 164 extending from a first end 166 to a second
end 168 with the exit aperture 150d of the intermediary chamber 148d at the
second end 168 of the channel 164, As shown, the intermediary chamber 148d
has a concave internal surface 170 extending from the channel 164 at the first
end 166. For the arrangement shown, the intermediary chamber 148d typically
has a channel length, L, from the first end 166 to the second end 168 in the
range of about Z20um to 500um, an exit aperture diameter, D, in the range of
100um to 1000um. Also, for the arrangement shown, the concave internal
surface 170 typically exiends from the channel 164 at the first end 166 10 an
edge 172 positioned at an axial distance, d, from the exit aperture 150d in the
range of about Zmm to 10mm and subtends an angle, o, between the internal

surface 170 and the channel axis 174 that 1s greater than about 60 degrees.

00471  As shown in FIG. 5, the component that establishes the exit aperture
150d and interior surface 170 can be a plate or plate assembly {(sometimes
referred to as a so-called ‘skimmer’) which is sealingly engaged with a wall of the
intermediary chamber 148d (e.q., by an O-ing). The position of the plate may be
adjustable (i.e., manually) or by one or more actuators to adjust the inclination of
the channel 164 {(e.qg., relative 1o a droplet axis) or move the channel in a plane
orthogonal to the droplet axis (e.g., for alignment purposes). More details
regarding this adjustment can be found in U.S. Patent Application Number
14/180,107, titled “EUV Light Source Using Cryogenic Droplet Targets in Mask
Inspection” by Bykanov et al, filed February 13, 2014, the entire contents of

which were previously incorporated by reference above.

00481 FIG. 5 illusirates a simplified skimmer design that has minimal thickness
with a concave profile. Specifically, the channel 164 for droplet propagation has

been minimized so that any disturbances within the channel 164 are reduced or
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gliminated. The dimensions provided above have been chosen to optimize the
amount of flow into the subseguent chamber(s) and the pressure gradient
surrounding the exit aperture 150d.  The intermediary chamber(s) can be
terminated in a skimmer feature that allows the passage of the jet or droplet from
moderate pressure o low pressure (needed for EUV generation) while limiting
and shaping the gas flow, separating the environment of each chamber from the

subsequent one and maintaining the stability of the droplets.

oo49] FIGS. 811 show the distal {(iL.e., downstream) portion of, respectively,
intermediary chambers 148e (FIG. 8), 148f (FIG. 9), 148g, 148h (FiG. 10), 148i,
148), 148k (FIG. 11), illustrating several embodiments having different internal
surface shapes. More specifically, intermediary chamber 148e shown in FIG. 8
has a convex internal surface 170e extending from the channel 164e formed
from a constant thickness sheet 178, Intermediary chamber 148f shown in FIG.
9 has a smooth, gradually tapering internal surface 170f exiending from the
channel 164f. This shape (sometimes referred to as a so-called “sluice design”)
can reduce turbulence in gas passing from the intermediary chamber 148 inlo a
subsequent chamber such as the LPP chamber 110. This design is intended fo
create a laminar flow of the surrounding gas as it enters and exits the channel
164f. The pressure gradient within the channel 164f can, in some cases, be
tuned, by varying the length, diameter, and inlet and outlet pressure, o induce a
self-centering effect on the droplets. Intermediary chambers 148g and 148h
shown in FIG. 10 have convex internal surfaces 170g and 170h extending from
respective channels 164g and 164dh, formed from tapering sheets 176g and
176h. Intermediary chambers 148i, 148, and 148k shown in FIG. 11 (see also
FIGS. 12-14) have flat, planar, internal surfaces 1701, 170} and 170k extending
from respective channels 164i, 164] and 164k. FIGS. 8-11 show intermediary
chambers having cylindrical shaped channels. Channels having other shapes
may be used. More details regarding various channel shapes and their effect on
droplets and gasses passing through the channels can be found in U.S. Patent
Application Number 14/180 107, titled “EUV Light Source Using Cryogenic
Droplet Targets in Mask Inspection” by Bykanov et al., filed February 13, 2014,
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the entire contents of were previously incorporated by reference above. Also,
skimmer modules can be employed that either extended into, out of, or both,

relative to the intermediary chamber it terminates.

00501 FIGS. 11, 12A, 12B and 12C illustrate the use of multiple intermediary
chambers 148, 148), 148K to establish an aerodyvnamic lens o direct droplets
toward an irradiation site 108 {see FIG. 1). Specifically, the series of exit
apertures 1501, 1504, 150k can be consiructed in order to create an asrodynamic
lens that actively focuses the droplets within each chamber. To establish an
asrodynamic lens, as shown, the exit apertures of the intermediary chambers
decrease in a direction downstream of the nozzie 142, More specifically, exit
aperture 1501 has a diameter, dq, exit aperture 150} has a diameter, d;, and exit
aperture 150k has a diameter, d;, with dy > dy > da. FIG. 11 shows that a
window(s) 173 can be provided between each pair of exit apertures for alignment
and diagnostic purposes whereby a camera (not shown) can view the droplets in

bright field ilumination or as a shadowgram.

(60511 It is to be appreciated that a droplet generator may use different typas of
skimmers (i.e., one could be convex, ancther concave). Also, the channel
dimensions and/or internal surface dimensions may vary from one intermediary

chamber to the next.

00521 FIGS. 13 and 14 illustrate an intermediary chamber 148" having an exit
aperture 150" that is formed with a motorized iris assembly having an iris
assembly 175 and motor 177 which can be, for example, in communication with
the control system 120 (see FIG. 1), With this arrangement, the effective
diameter of the exit aperture 150" can be adjustably controlled.  This
arrangement can be used to establish the exit aperture of an aerodynamic lens
(see FIG. 11) and, in some cases, can be used to actively maintain droplet
stability. With this arrangement, the exit aperture diameter can be enlarged for
alignment purposes in addition to being adjusted to provide optimal conditions of

pressure and flow along the droplet path.
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00531 Referring back io FIG. 2, it can be seen that the droplet generator 102
having a single intermediary chamber 148 can include an environmental control
system 152 for controlling one or more of gas composition, gas temperature and
gas pressure in the intermediary chamber 148, In addition, FIG. 3 shows that
droplet generator 102a having multiple intermediary chambers 148a, 148b can
include environmental control systems 152a, 152b for controlling one or more of
gas composition, gas temperature and gas pressure in each respactive

intermediary chamber 148a,148b.

00841 FIG. 15 illustrates an environmental control system for controliing gas
temperature for an intermediary chamber 148m having a plate 178 positionad in
contact with the intermediary chamber 148m. As shown, the plate 178 can be
formed with an internal fluid passageway 180 having an inlet 182 and outlet 184
for passing a heat transfer fluid through the plate 178, The plate 178 can be
placed in contact with a wall 186 of the intermediary chamber 148m, which may,
for example, be made of a thermally conductive matenal such as metal. A heat
exchange fluid may be passed through the plate 178 1o heat or cool the gas
within the intermediary chamber 148m, for example, under the control of the
control system 120 (see FIG. 1), Alternatively, the temperature control plate may
form a portion of the intermediary chamber {i.e., a passageway for passing a
heat exchange fiuid may be formed in one of the walls or structures establishing

the intermediary chamber).

[0055] Control of the temperature of the gas surrounding the target material, in
combpination with pressure control {see below), can be used {o control the rate of
evaporation of the target material. The temperature could be adjusted by
controlling the temperature of the surrcunding chamber material, inserted thermal
glements, or by confrolling the temperature of the injected gas. FIG. 15 shows
thermal regulation channels within the end plates of a droplet chamber which can
be held at the same or different temperatures. A process fluid, for example, a
coolant, can be pumped through the channels to achieve the desired

temperature. A tharmocouple or similar device could be used to monitor the
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actual temperature of the plates and other components. Peltier elements could
be added to or replace the cooling channels o regulate the temperature. They
could be used to apply or remove heat as needed, particularly in areas where
channels may not be possible. The temperature of the gas surrounding the
droplets could be set to minimize the evaporation rate of the target matenial or
accelerate it as desired by ranging between about 180K and 300K, Adjacent
chambears could be held at different temperatures by controlling the amount of

gas flow between them, as well as having insulation barriers in the system.

o861 Referring back to FIG. 4 it can be seen that an environmental control
system for controlling gas temperature for an intermediary chamber 148c¢ can
include one or more fin(s) 188 positioned outside intermediary chamber 148¢c.
For example, the fin{s) 188 can be positioned in contact with the intermediary
chamber 148c¢, such as a wall 186¢ or some other portion of the intermediary
chamber 148c, which may, for example, be made of a thermally conductive
material such as metal. Altermatively, one or more fin{s) may be positioned within
an intermediary chamber to conirol gas temperature. These fins may be heated

or cooled via pumped fluid, Peltier elements, or other similar devices.

100571 FIG. 16 illustrates enwvironmental control systems for controlling gas
temperature for intermediary chambers 148n and 148p having a plate 178n
positioned in contact with the intermediary chamber 148n. The plate 178n can
be formed with an internal fluid passageway having an inlet 182n and cutlet 184n
for passing a heat transfer fluid through the plate 178n. Also, a plate 178p is
positionad in contact with the intermediary chamber 148p. The plate 178p can
be formed with an internal fluid passageway having an inlet 182p and outiet 184p
for passing a heat transfer fluid through the plate 178p. FiG. 16 further shows
that the plate 178n and intermediary chamber 148n can be thermally isclated
from plate 178p and intermediary chamber 148p by an insulating plate 180,
allowing independent control of the gas temperature in each of the intermediary
chambers 148n, 148p.
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00581 FIG. 17 illustrates environmental control systems for controlling gas
temperature for intermediary chambers 1489 and 148r having a temperature
control clamshell 192qg that is aftachable to the wall of intermediary chamber
1489 and a temperature control clamshell 182r that is attachable 1o the wall of
intermediary chamber 148r. FiG. 17 further shows that the temperature control
clamshell 192g and intermediary chamber 148g can be thermally isolated from
the temperature control clamshell 192r and intermediary chamber 148r by an
insulating plate 194 (e.g., made of a thermally insulating material) that also forms
the internal surface 170g and the exit aperture 150g for the intermediary
chamber 148q, allowing independent control of the gas temperature in each of
the intermediary chambers 148q, 148r. FIG. 17 also illustrates that a Peltier
cocling element 1968 can be attached to {(or positioned within) intermediary

chamber 148r to controlling gas temperature.

foos9] FIGS. 18-20 illustrate an environmental control system for conirolling gas
pressure and/or gas composition within an intermediary chamber 148{ As
shown, the environmental conirol system includes a gas supply system 124 for
introducing a measured flow of gas into the intermediary chamber 148t and a
vacuum system 128 for removing a measured flow of gas from the intermediary
chamber 148t As indicated above with reference to FIG. 1, both the gas supply
system 124 and vacuum system 128 are in communication with the control
system 120, FIG. 19 illustrates that the measured flow of gas from the gas
supply system 124 can be introduced through symmetrically positioned ports
198a-d (i.e., poris 198a-d can be equally spaced around the droplet axis 200).
Similarly, FIG. 20 dlustrates that the measured flow of gas removed by the
vacuum system 128 can be removed through symmetrically positioned ports

202a-d (i.e., ports 202a-d can be equally spaced around the droplet axis 200).

10080] As shown in FIG. 18, gas inpuls to intermediary chamber 148t include
flows from gas supply system 124 (represented by arrow 204) and flows through
exit aperture 150s from intermediary chamber 148s (represented by arrows
206a, 206b).
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00811 (Gas outputs from intermediary chamber 148t include flows to vacuum
system 128 (represented by arrow 208) and flows through exit aperture 150t o

intermediary chamber 148u (represented by arrows 210a, 210b).

00821 In one implementation, the flow rate and composition from gas supply
system 124 and flow rate to vacuum system 128 can be measured and flows
through exit aperture 150s and exit aperture 150t can be calculated. These data
can then be used to adjust the gas supply system 124 flow rate and vacuum
system 128 flow rate to control gas pressure and/or gas composition within

intermediary chamber 1481

00831 Each intermediary chamber 148s, 148t can have iis own pressure,
temperature, and gas composition control. These parameters can be optimized
to improve the stability of the system within each intermediary chamber by
controlliing, in particular, the evaporation rate of the target material and the gas
flow between each chamber. Pressure in the jet area may be held between
about 75 and 750 Torr. Pressure drops into subsequent chambers can be on the
order of a factor of two or less {0 keep gas expansion subsonic, and the gas flow
laminar, where the system may be sensitive 10 a large pressure gradient, such as
the final entry into the LPP chamber. At locations along the target path that are
less sensitive the pressure drop may be higher. The pressure within gach
chamber is adjusted by controlling the injection and pumping rates of gas within
gach chamber. For example, gas may be injected symmetrically at the proximal
end of a chamber and subsequently pumped, along with any evaporation of the
Hauid or solid, symmetrically at the distal end of each chamber. Different gases,
such as Xenon, Argon, Helium, or Hydrogen, may also be injecied into sach
chamber with varying concentration. Thus the flow of each gas, typically between
5 and 1000 scom, controls its concentration within the chamber. The total flow of
all the gases may also be between 5 and 1000 scem with either homogengous or
heterogenecus composition. A multi-chambered droplet delivery system can
allow for proper optimization of the temperature, pressure, and gas compaosition

at various key locations along the jet and droplet path. The pressure within sach
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section can be controlled via cylindrically symmetric pumping or introduction of
gas, including the flow through any proximal or distal exit aperiures in each
chamber. The temperature of each section may be controlled individually as well.
Additionally, sach section may have a different gas composition, controlling
concentration similar to the way pressure is controlled. Controlling these
conditions can allow one to optimize the following other properties: jef formation
and stability, droplet formation and initial stability, and the aclive or passive

maintenance of droplet stability into the LPP chamber.

00841 The pressure and temperature in the intermediary chamber immediately
downstream of the jet generalor may be held at or near the triple point of the
target material. As an exampile, the triple point for Xenon is approximately 161.4
degrees K and 612Torr. However, in some cases, greater droplet siability may
be obtained by maintaining the gas temperature and gas pressure in the
intermediary chamber immediately downstream of the jet generator at a
pressure/temperature that is not at or near the triple point of the target material.
The length of the intermediary chamber immediately downstream of the jet
generator can be chosen so that it is just long enough for droplet formation,

which is generally less than about 1 om.

00851 In addition, as indicated above, the optimization of each skimmers
geometry can minimize the disturbance of the jet and droplets as they pass from
one chamber to the next. The skimmers may be pre-aligned or have an actuator
to align them to the droplet stream. In some cases, removal of gas only through
the skimmer's exit aperture can decrease the droplet stability, and also increase
the demand for pumping in the LPP chamber or require a reduction in the

amount of light available from the EUV light source.

o086} FIG. 21 shows an assembly for establishing an intermediary chamber
148v and adjusting a length, L, of the intermediary chamber 148y while the
intermediary chamber 148v is maintained in a pressurized state. As shown, the

intermediary chamber 148v receives target material at a chamber input location
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212 and has an exit aperture 150v to cutput targst material and defines a length,
L, between the input location 212 and exit aperture 150v. The assembly shown
can be employed in a single intermediary chamber device (see FIG. 2) or a
multiple intermediary chamber device (Le., having two or more intermediary
chambers (sea FIG. 3)). FIG. 21 further shows that the assembly includes a first
component 214 having a cylindrical wall of inner diameter, Dy and a second
component 216 having a cylindrical wall of outer diameter, Dy, with Dy > Dy, As
shown, the cylindrical walls can be arranged concentricaily about an axis 218
and a seal 220 can be positioned between the cylindrical wall of the first
component 214 and the cylindrical wall of the second component 218, it can
also be seen that the assembly inciudes a molor 222, e.¢g. stepper motor, linear
actuator or other drive system, rotating a screw 224 to move one of the
components 214, 216 relative 1o the other, along the axis 218 to vary the length,
L. One or more axial supports 226 can be provided, as shown to ensure the

plates remain paraliel during axial transiation.

100671 Each of the two concentric cylinders can have a fixed seal on one end
{(i.e., one has a proximal seal, the other a distal seal to the upper and lower plate,
respectively). This seal could be an adhesive, braze, or weld. Alternatively, the
cvlinders could be altached via adhesive, braze or weld {0 a sealing plate that
contains a seal such as an o-ring. The o-ring could be an elastomer, energized
Teflon, or a metal seal and may be seated within a groove. This seal allows the
volume containad within the two cylinders to be maintained at a higher pressure
than the outer chamber. Additionally, a plate formed with an exit aperture or other
features could be brazed at one end of a cylinder. The cylinders could be made
of a transparent material, including but not limited to sapphire. Additionally, if the
cylinders themselves are not transparent, windows could be placed along the

cvlinders’ lengths to allow for alignment and diagnostics.

joosa] FIG. 22 shows anocother assembly for establishing an intermediary
chamber 148w and adjusting a length, L, of the intermediary chamber 148w while

the intermediary chamber 148w is maintained in a pressurized state. As shown,

27



WO 2017/083569 PCT/US2016/061408

the intermediary chamber 148w receives target malerial at a chamber input
location 228 and has an exit aperture 150w to output {arget matenial and defines
a length, L, between the input location 228 and exit aperture 150w. The
assembly shown can be employed in a single infermediary chamber device (seg
FIG. 2) or a multiple intermediary chamber device (i.e. having two or more
intermediary chambers (see FIG. 3)). FIG. 22 further shows that the assembly
includes a bellows 230 aligned along an axis 232 that can be axially expanded
and contracted to vary the length, L. It can also be seen that the assembly
includes a motor 234 rotating a screw 236 {0 expand/contract the bellows 230
and vary the length, L. One or more axial supports 238 can be provided, as

shown.

00891 The assembiies shown in FIGS. 21 and 22 can be used, for example, to
vary the length, L, such that a jet breaks up into droplets within an intermediary
chamber. As indicated above, this adjustment can be made while an
environment {i.e., pressure, temperature and/or composition) is maintained in the
intermediary chamber. For example, this capability may be useful afler nozzie
replacement or some other change which may affect the location where the jet
breaks up into droplets. For example, the jet decay length may change as the
piezoelectric transducer frequency is changed, which may be necessary if the
droplet frequency needs to be adjusted {o maich the drive laser frequency or if
the plasma radiation frequency needs to be tuned io match some exiernal
process. The adiustable length intermediary chamber describad herain could, for
example, allow for the tuning of the chamber length to obtain an optimal length
that matches the jet's particular decay length, droplet combination length, or

other critical length along the droplet delivery system.

{00707 The bellows 230 can be terminated in a transparent section, brazed
glass or sapphire, for example, or have transparent windows, for alignment and
diagnostic purposes. This motorization can be employed in the aerodynamic lens
assembly (see FIG. 11 and corresponding description) as well {o adjust the

distance between various aperiures {0 optimize that lens system. Also, the
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adjustment of intermediary chamber length can enable a system {0 be flexible
when adjusting to different parameters (pressure, temperature, gas composition,
etc.) or adjusting to external changes such as drive-laser frequency or desired

LPP frequency.

00741 EUV illumination may be used for semiconductor process applications,
such as inspection, photolithography, or metrology. For example, as shown in
FIG. 23, an inspection system 240 may inciude an illumination source 242
incorporating a light source, such as a light source 100 described above having
one of the droplet generators described herein. The inspection system 240 may
further inciude a stage 246 configured to support at least one sample 244, such
as a semiconductor wafer or a blank or patierned mask. The illumination source
242 may be configured {o illuminate the sampile 244 via an illumination path, and
Hiumination that is reflected, scattered, or radiated from the sample 244 may be
directed along an imaging path to at least one detecior 250 (e.q., camera or array
of photo-sensors). A computing system 252 that is communicatively coupled to
the detector 250 may be configured {o process signals associated with the
detected illumination signals to locate and/or measure various attributes of one or
more defects of the sample 244 according to an inspection algorithm embedded
in program instructions 256 executable by a processor of the computing system

252 from a non-transitory carrier medium 254,

0721 For further example, FIG. 24 generally illustrates a photolithography
system 300 including an illumination source 302 incorporating a light source,
such as a light source 100 describaed above having one of the droplet generators
described herein.  The photolithography system may include a stage 306
configured to support at least one substrate 304, such as a semiconductor wafer,
for lithography processing. The illumination source 302 may be configured to
perform photolithography upon the substrate 304 or a layer disposed upon the
substrate 304 with illumination output by the illumination source 302. For
example, the output illumination may be direcied to a reticie 308 and from the

reticle 308 to the substrate 304 {o pattern the surface of the substrate 304 or a
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layer on the substrate 304 in accordance with an lluminated reticle pattern. The
exemplary embodiments illustrated in FIGS. 23 and 24 generally depict
applications of the light sources described above; however, those skilled in the
art will appreciate that the sources can be applied in a variety of contexts without

departing from the scope of this disclosure.

(60731 Those having skill in the art will further appreciate that there are various
vehicles by which processes and/or systems and/or other technologies described
herein can be effected (e.g., hardware, software, and/or firmware), and that the
preferred vehicle will vary with the context in which the processes and/or systems
and/or other technologies are deployed. In some embodiments, various steps,
functions, and/or operations are carried out by one or more of the following:
glectronic circuits, logic gates, multiplexers, programmable logic devices, ASICs,
analog or digial confrols/switches, microcontrollers, or computing systems. A
computing sysiem may include, but is not limited to, a personal computing
system, mainframe compuling system, workstation, image computer, paraliel
processor, or any other device known in the art. In general, the term "computing
system” is broadly defined to encompass any device having one or more
processors, which execute instructions from a carrier medium. Program
instructions implementing methods such as those described herein may be
transmitted over or stored on carrier media. A carrier medium may include a
fransmission medium such as a wire, cable, or wireless transmission link. The
carrier medium may also include a storage medium such as a read-only memaory,

a random access memory, a magnetic or optical disk, or a magnetic tape.

00741 All of the methods described herein may include storing resuits of one or
more steps of the method embodiments in a storage medium. The results may
include any of the results described herein and may be stored in any manner
known in the art. The siorage medium may include any storage medium
described herein or any other suitable storage medium known in the art. After the
results have been stored, the results can be accessed in the storage medium

and used by any of the method or system embodiments described herein,
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formatted for display to a user, used by another software module, method, or
system, etc. Furthermore, the results may be stored "permanently,” "semi-

permanently,” "temporarily”, or for some period of time. For example, the storage
medium may be random access memory (RAM), and the results may not

necessarily persist indefinitely in the storage medium.

(60757  Although particular embodiments of this invention have been illustrated,
it is apparent that various modifications and embodiments of the invention may
be made by those skillad in the art without departing from the scope and spirit of
the foregoing disclosure. Accordingly, the scope of the invention should be

fimited only by the claims appended hereto.
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What is claimed is:

1. A device comprising:

a nozzle for dispensing a liquid target matenal;

an intermediary chamber positionad {o receive target material, the
intermediary chamber formed with an exit aperture to output target material for
downstream irradiation in a laser produced plasma chamber, and

a system for controlling gas composition in the intermediary chamber by

introducing a measured flow of gas info the intermediary chamber.

2. The device of claim 1, wherein the inlermediary chamber has a channel
extending from a first end to a second end with the exit aperiure at the second

end.

3. The device of claim 1, wherein the iniermediary chamber has a channel
extending from a first end to a second end with the exit aperiure at the second
end and a channel length from the first end to the second end in the range of
20um to 500um.

4, The device of claim 1, wherein the exit aperture has a diameter in the

range of 100um to 1000um.

5. The device of claim 2, wharein the intermediary chamber has an internal
surface extending from the channel at the first end, the internal surface having a
shape selected from the group of shapes consisting of concave, convex, flat and

gradually tapering.

5. The device of claim 2, wherein the channel defines an axis and the
intermediary chamber has a concave internal surface exiending from the channel
at the first end {o an edge positioned at an axial distance from the exit aperture in

the range of 2mm to 10mm.
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7. The device of claim 2, wherein the channel defines an axis and the
intermediary chamber has a concave internal surface extending from the channel
at the first end to establish an angle between the internal surface and the axs

greater than 60 degrees.

8. The device of claim 2, wherain the liquid target material is Xenon and the
system for conirolling gas composition in the intermediary chamber by
introducing a measured flow of gas info the intermediary chamber introduces a

gas other than Xenon into the intermediary chamber.

Q. The device of claim 1, further comprising a system for controlling gas
temperature in the intermediary chamber having a temperature control element
selected from the group of temperature control elements consisting of a fin
disposed within the intermediary chamber, a fin positioned outside the
intermediary chamber, a Pellier cooling element, a plate formed with an intemal
fluid passageway for passing a heat transfer fluid through the plate, and an

insulated plate.

10, The device of claim 1, further comprising & motorized iris to establish the

intermediary chamber exit aperture.

11.  The device of claim 1, wherein the intermediary chamber is a first
intermediary chamber and the device further includes a second intermediary
chamber positioned o receive target material from the first intermediary chamber
exit aperture and formed with an exit aperture to oulput target material for
downstream irradistion in the LPP chamber, and wherein the device further
comprises a system for controliing gas composition in the second intermediary
chamber by introducing a measured flow of gas into the second intermediary

chamber.
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12.  The device of claim 11, wherein the liquid target material is Xenon and
wherein the system for controlling gas composition in the first intermediary
chamber controls the partial pressure of Xenon to a Xenon partial pressure Pxes,
and the system for controlling gas composition in the second intermediary

chamber controls the partial pressure of Xenon 10 a Xenon partial pressure Pxez,

with Pyet = Pye2.

13. A device comprising:

a nozzle for dispensing a liquid target material;

a first intermediary chamber positioned o receive target material, the first
intermediary chamber formed with an exit aperture to cutput target material for
downstream irradiation in a laser produced plasma (LPP); and

a second intermediary chamber positioned to receive target material, the
second intermediary chamber formed with an exit aperture o ouiput target

material for downstream irradiation in the LPP chamber.

14, The device of claim 13, further comprising a third intermediary chamber
positioned o receive farget matenial, the third intermediary chamber formed with
an exit aperture o output target material for downstream irradiation in the LPP

chamber.

15, The device of claim 13, wherein the second intermediary chamber
receives target material from the first intermediary chamber exit aperture, the
third intermediary chamber receives target material from the second intermediary
chamber exit aperture and wherein the first intermediary chamber exit aperture
has a diameter, d4, the second intermediary chamber exit aperture has a
diameter, do, and the third intermediary chamber exit aperture has a diameter, d;,

with dy > d; > ds to establish an asrodynamic lens.
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16. The device of claim 13, wherein the second intermediary chamber
receives targei material from the first intermediary chamber exit aperture and the
device further comprises a system for controlling gas pressure in the first
intermediary chamber at a pressure, p4, and a system for controliing gas

pressure in the second intermediary chamber at a pressure, P, with py > Do

17.  The device of claim 16, wherein the system for controlling gas pressure in
the first intermediary chamber comprises a sub-system for introducing a
measured flow of gas into the first intermediary chamber and a sub-system for

pumping a measured flow of gas from the first intermediary chamber.

18 The device of claim 13, wherein the second intermediary chamber
receives target material from the first intermediary chamber exit aperture and the
device further comprises a systaem for controlling gas temperature in the first
intermediary chamber at a temperaiure, 4y, and a system for conirolling gas

temperature in the second intermeadiary chamber at a temperature, tp, with ty > &

19, The device of claim 13, wherein the system for controliing gas
temperature in the first intermediary chamber comprises a temperature control
glement selected from the group of temperature control elements consisting of a
fin disposed within the first intermediary chamber, a fin positioned ouiside the
first intermediary chamber, a Peltier cooling element and a plate surrounding
formed with an internal fluid passageway for passing a heat transfer fiuid through

the plate and an insulated plate.

20.  The device of claim 13, further comprising a motorized iris to establish the

first intermediary chamber exit aperture.
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21, Adevice comprising

a nozzle for dispensing a liguid target material for irradiation by a drive
laser in a laser produced plasma (LPP) chamber, and

an assembly establishing an intermediary chamber positioned o receive
target material at a chamber input location, the intermediary chamber formed
with an exit aperture {o output target material for downstream irradiation in a
laser produced plasma chamber, the intermediary chamber defining a length, L,
between the input location and exit aperture, and wherein the assembly has a
subsystem for adjusting the length, L, of the intermediary chamber while the

chamber is maintained in a pressurized state.

22. The device of claim 21, wherein the intermediary chamber is a first
intermediary chamber and the device further includes a second intermediary
chamber formed with an exit aperture to output target material for downstream

irradiation in the LPP chamber.

23, The device of claim 22, wherein the second intermediary chamber is
positioned {o receive target material from the first intermediary chamber exit

aperture.

24. The device of claim 21, wherein the assembly comprises a first
component having a cvlindrical wall of inner diameter, Dy and a second
componeant having a cylindrical wall of outer diameter, D, , with Dy > Dy, and a
seal positioned between the first component cylindrical wall and second

component cylindrical wall.
25, The device of claim 21, wherein the first cylindrical wall defines an axis

and the assembly further comprises a motor arranged to move one of the first

and second componenis axially to vary the length, L.
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26. The device of claim 21, wherein the assembly comprises a beliows having
a first end and a second end and a motor arranged to move the first end relative

to the second end {o vary the length, L.
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