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ABSTRACT

An EUV radiation source that creates a stable solid filament
target. The source includes a nozzle assembly having a
condenser chamber for cryogenically cooling a gaseous
target material into a liquid state. The liquid target material
is filtered by a filter and sent to a holding chamber under
pressure. The holding chamber allows entrained gas bubbles
in the target material to be condensed into liquid prior to the
filament target being emitted from the nozzle assembly. The
target material is forced through a nozzle outlet tube to be
emitted from the nozzle assembly as a liquid target stream.
A thermal shield is provided around the outlet tube to
maintain the liquid target material in the cryogenic state. The
liquid target stream freezes and is vaporized by a laser beam
from a laser source to generate the EUV radiation.

25 Claims, 1 Drawing Sheet
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forced through a narrowed throat portion 16 of the nozzle 12
to be emitted as a filament or stream 18 into a vacuum
chamber towards a target area 20. The liquid target material
will quickly freeze in the vacuum environment to form a
BACKGROUND OF THE INVENTION
5 solid filament of the target material as it propagates towards
the target area 20. The vacuum environment and vapor
1. Field of the Invention
pressure within the target material will cause the frozen
This invention relates generally to a laser-plasma extreme
target material to eventually break up into frozen target
ultraviolet (EUV) radiation source and, more particularly, to
fragments, depending on the distance that the stream 18
a laser-plasma EUV radiation source that provides a stable 10 travels.
solid filament target.
A laser beam 22 from a laser source 24 is directed towards
2. Discussion of the Related Art
the target area 20 to vaporize the target material. The heat
Microelectronic integrated circuits are typically patterned
from the laser beam 22 causes the target material to generate
a plasma 30 that radiates EUV radiation 32. The EUV
on a substrate by a photolithography process, well known to
those skilled in the art, where the circuit elements are 15 radiation 32 is collected by collector optics 34 and is
directed to the circuit (not shown) being patterned. The
defined by a light beam propagating through a mask. As the
state of the art of the photolithography process and intecollector optics 34 can have any shape suitable for the
grated circuit architecture becomes more developed, the
purposes of collecting and directing the radiation 32, such as
circuit elements become smaller and more closely spaced
a parabolic shape. In this design, the laser beam 22 propatogether. As the circuit elements become smaller, it is 20 gates through an opening 36 in the collector optics 34, as
necessary to employ photolithography light sources that
shown. Other designs can employ other configurations.
generate light beams having shorter wavelengths and higher
In an alternate design, the throat portion 16 can be
frequencies. In other words, the resolution of the photolivibrated by a suitable device, such as a piezoelectric
thography process increases as the wavelength of the light
vibrator, to cause the liquid target material being emitted
source decreases to allow smaller integrated circuit elements 25 therefrom to form a stream of droplets. The frequency of the
to be defined. The current trend for photolithography light
agitation determines the size and spacing of the droplets. If
sources is to develop a system that generates light in the
the target stream 18 is a series of droplets, the laser beam 22
extreme ultraviolet (EUV) or soft X-ray wavelengths (13-14
is pulsed to impinge every droplet, or every certain number
nm).
of droplets.
30
Various devices are known in the art to generate EUV
It is desirable that an EUV source has a good conversion
radiation. One of the most popular EUV radiation sources is
efficiency. Conversion efficiency is a measure of the laser
a laser-plasma, gas condensation source that uses a gas,
beam energy that is converted into recoverable EUV radiatypically Xenon, as a laser plasma target material. Other
tion. In order to achieve a good conversion efficiency, the
gases, such as Argon and Krypton, and combinations of
target stream vapor pressure must be minimized because
gases, are also known for the laser target material. In the 35 gaseous target material tends to absorb the generated EUV
known EUV radiation sources based on laser produced
radiation. Further, liquid cryogen delivery systems operating
plasmas (LPP), the gas is typically cryogenically cooled in
near the gas-liquid phase saturation line of the target fluid's
a nozzle to a liquid state, and then forced through an orifice
phase diagram are typically unable to project a stream of
or other nozzle opening into a vacuum chamber as a contarget material significant distances before instabilities in the
tinuous liquid stream or filament. Cryogenically cooled 40 stream cause it to break up or cause droplets to be formed.
target materials, which are gases at room temperature, are
As a result, the time the stream is in the vacuum chamber
required because they do not condense on the EUV optics,
prior to stream break-up will be insufficient to allow evapoand because they produce minimal byproducts that have to
rative cooling to freeze the stream and thereby lower its
be evacuated by the vacuum chamber. In some designs, the
vapor
pressure. Moreover, the distance between the nozzle
nozzle is agitated so that the target material is emitted from 45 and the target area must be maximized to keep source
the nozzle as a stream of liquid droplets having a certain
heating and condensable source debris to a minimum.
diameter (30--100 µm) and a predetermined droplet spacing.
SUMMARY OF THE INVENTION
The low temperature of the liquid target material and the
low vapor pressure within the vacuum environment cause 50
In accordance with the teachings of the present invention,
the target material to quickly freeze. Some designs employ
an EUV radiation source is disclosed that creates a stable
sheets of frozen cryogenic material on a rotating substrate,
solid filament target. The source includes a nozzle assembly
but this is impractical for production EUV sources because
having a condenser chamber for cryogenically cooling a
of debris and repetition rate limitations.
gaseous target material into a liquid state. The liquid target
The target stream is illuminated by a high-power laser 55 material is filtered and sent to a holding chamber under
beam, typically from an Nd:YAG laser, that heats the target
pressure. The holding chamber allows entrained gas bubbles
material to produce a high temperature plasma which emits
in the target material to condense into liquid prior to the
the EUV radiation. The laser beam is delivered to a target
filament target being emitted from the nozzle assembly. The
area as laser pulses having a desirable frequency. The laser
target material is forced through a nozzle outlet tube to be
beam must have a certain intensity at the target area in order 60 emitted from the nozzle assembly into a vacuum chamber as
to provide enough heat to generate the plasma.
a liquid target stream. A thermal shield is provided around
the outlet tube to maintain the liquid target material in the
FIG. 1 is a plan view of an EUV radiation source 10 of the
cryogenic state. The liquid target stream freezes in the
type discussed above including a nozzle 12 having a target
vacuum chamber and is vaporized by a laser beam from a
material chamber 14 that stores a suitable target material,
such as Xenon, under pressure. The chamber 14 includes a 65 laser source to generate the EUV radiation.
heat exchanger or condenser that cryogenically cools the
Additional objects, advantages and features of the present
target material to a liquid state. The liquid target material is
invention will become apparent from the following descrip-
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tion and appended claims, taken m conjunction with the
accompanying drawings.

4

ture hardware. Moreover, all target delivery tubing and
nozzle dimensions must be minimized to reduce the thermal
load intercepted from the plasma. With a 5 kW laser and a
nozzle tube diameter of 0.5 mm, the front face of the tube
BRIEF DESCRIPTION OF THE DRAWINGS
5 can absorb about 230 mW of plasma energy. With a Xenon
FIG. 1 is a plan view of a laser-plasma EUV radiation
flow rate of 1 standard liter per minute, this corresponds to
source; and
a liquid temperature rise of about 7K. Flow rates in the range
of 1 to 4 standard liters per minute may be used.
FIG. 2 is a plan view of a nozzle assembly providing a
The production of a stable target filament requires careful
stable solid filament target for the radiation source shown in
FIG. 1, according to an embodiment of the present inven- 10 consideration of the details of the fluid flow both in the outlet
tion.
tube and particularly in the outlet orifice through which the
target filament is injected into the vacuum chamber. A stable
DETAILED DESCRIPTION OF THE
filament requires that the liquid stream exiting the nozzle
EMBODIMENTS
should be very steady and have minimum possible spatial
variations in velocity and temperature. The presence of
The following discussion of the embodiments of the 15
vapor bubbles from either cavitation or boiling at the nozzle
invention directed to an EUV radiation source that provides
wall must also be minimized. The outlet tube and nozzle
a stable solid filament target is merely exemplary in nature,
materials must be carefully selected to provide the necessary
and is in no way intended to limit the invention or its
shape and smoothness of the flow path while also having
applications or uses.
.
20 mechanical and thermal properties appropriate to successful
The present invention is a nozzle for an EUV radiat10n
operation in a plasma environment. A variety of nozzle/
source that creates a stable solid filament target for efficient
orifice shapes can be employed to produce reasonable stable
production of EUV radiation. Carefully designed cryogenic
filaments. However, since sharp edged orifices are more
fluid handling and temperature controls are employed in the
prone to inducing cavitation, a smoothly converging nozzle,
invention to create a fluid stream sufficiently stable to
such as that obtained from drawn capillary tubing, is a
establish a solid frozen filament of the target material at 25 preferred approach.
distances on the order of 4 cm or more from the nozzle
FIG. 2 is a partial cross-sectional view of a nozzle
outlet. Typical filament diameters are about 30--100 µm
assembly 40 that can replace the nozzle 12 in the source 10,
based primarily on EUV system vacuum requirements rather
where the nozzle assembly 40 includes the various design
than physical constraints on filament production. Desired
30 concerns discussed above to produce a stable solid filament
minimum operating pressures for Xenon range from 45 to
target stream 42. The nozzle assembly 40 includes a con300 psia which provides a target stream velocity of about 20
denser chamber 44 for cooling a target material, such as
meters/second. This stream velocity will support pulsed
Xenon, to a liquid state. The target gas is introduced into the
laser operation at 6 kHz. Higher pressures increase stream
chamber 44 through an inlet port 46. A condenser 48
velocity and tend to promote stream stability.
35 provided in the chamber 42 receives the target material and
To obtain the stable solid target filaments, care must be
acts as a heat exchanger to cryogenically cool the target
taken to ensure that a high quality liquid target material is
material. A coolant flow loop 50 is provided in the chamber
supplied to the nozzle. In this context, quality refers to the
44 to circulate a refrigerant to chill the target gas propagatcooling capacity per unit weight of the target gas. Poor target
ing through the condenser 48. In one embodiment, the
quality results in excessive boil-off of the target fluid upon 40 refrigerant is boil-off from liquid nitrogen that is at a
exiting the nozzle, thereby creating stream instabilities and
carefully controlled temperature to convert the target gas to
break-up before freezing is achieved. This is characteristic
a liquid state. The chamber 44 is made of a thermally
of target droplet generation where boil-off and Rayleigh
conducting material so that the refrigerant temperature is
instabilities contribute to stream break-up while the stream
efficiently transferred to the condenser 48.
is still in a predominantly liquid state. Three elements are 45
The liquid target material is sent from the condenser
required to obtain high target liquid quality, and include
chamber 44 to a holding chamber 52 through a liquid filter
super cooling of the target gas below its boiling point,
54. The filter 54 can be any suitable filter for the purposes
separation of the gas and liquid phases present in the
described herein, such as a screen, that removes particulate
condenser, and maintaining high liquid quality up to the
matter from the liquid target material. The filter 54 removes
nozzle outlet. Stable solid Xenon streams require super- 50 the particulates in the liquid target material to prevent the
cooling to a temperature of 170 K, which corresponds to at
various small openings in the nozzle assembly 40 from
least 18 degrees of supercooling for typical operating presbeing clogged. Additionally, the filter 54 also helps in
sures.
removing gas bubbles trapped therein. The condenser 48 can
Gas and liquid target material are both present and are, at
also provide target material filtering, such as including
some point, in equilibrium within the condenser. Separation 55 sintered metal granules or the like.
of gas and liquid phases in the condenser effluent is critical
As discussed above, the vapor pressure caused by
because entrained gas in the liquid target material contribentrained gas in the target stream 42 acts to break up the
utes to stream instability without contributing to evaporative
target stream 42 reducing its ability to be effectively heated
cooling that is necessary to form a solid frozen target. Of
by the laser beam 22 to generate the EUV radiation 32. The
particular concern are entrained gas bubbles of small diam- 60 phase conversion of the target gas to liquid in the nozzle
eter. Effective phase separation may be achieved by a
assembly 40 must be performed over a suitable period of
combination of filtration from the condenser packing
time at the proper temperature in order to remove most of the
material, such as a fine screen or sintered metal granules,
entrained gas bubbles in the liquid. The condenser 48 can be
and/or residence time upstream of the nozzle outlet.
made a suitable length to perform this purpose, or the
Maintaining a high liquid quality from the condenser to 65 partially converted target material can be held in the chamber 52 at the reduced temperature until most of the gas
the nozzle outlet requires that the nozzle outlet tube be
bubbles are converted to liquid. Thus, the holding chamber
thermally shielded from the surrounding ambient tempera-
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52 acts to increase the stability of the target stream 42. The
holding chamber 52 allows the entrained gas bubbles to rise
in the fluid, and be prevented from being emitted from the
nozzle assembly 40. The fluid flow rate through the holding
chamber 52 determines its fluid holding capacity for a
particular application.
From the holding chamber 52, the liquid target material is
forced through an outlet tube 56 under pressure to generate
the stream 42 of the liquid target material that is emitted
from the nozzle assembly 40. The outlet tube 56 can have an
inner diameter, such as 50 µm, to generate the diameter
target stream that is desired. The outlet tube 56 can be a
capillary tube that is made of any material, such as metal or
glass, suitable for the purposes discussed herein. The length
of the tube 56 is application specific, and will depend on the
requirements of a particular EUV source.
A thermal shield 60 is provided around the tube 56 to
maintain the temperature of the target material propagating
there through to maintain the stability of the target stream 42.
The thermal shield 60 can be any suitable thermal shield for
the purposes described herein, such as a tube of copper or
aluminum. Additionally, the thermal shield 60 can be made
up of several layers of materials having a vacuum between
the layers to increase thermal protection. The liquid stream
42 quickly freezes into a frozen stream in the vacuum
chamber of the source 10.
The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One
skilled in the art will readily recognize from such discussion
and from the accompanying drawings and claims, that
various changes, modifications and variations can be made
therein without departing from the spirit and scope of the
invention as defined in the following claims.
What is claimed is:
1. An extreme ultraviolet (EUV) radiation source for
generating EUV radiation, said source comprising:
a nozzle assembly, said nozzle assembly including a
condenser chamber having a condenser for cryogenically cooling a gas target material to a liquid target
material, said nozzle assembly further including a holding chamber receiving the liquid target material and
holding the target material under pressure to allow
entrained gas bubbles in the liquid target material to be
converted to liquid, said nozzle assembly further
including an outlet opening coupled to the holding
chamber, said outlet opening receiving the liquid target
material from the holding chamber and emitting a
stable stream of the target material from the nozzle
assembly towards a target area; and
a laser, said laser directing a laser beam to the target area
to vaporize the target material and create a plasma that
emits the EUV radiation.
2. The source according to claim 1 wherein the outlet
opening is at an outlet end of a capillary tube, said capillary
tube being in fluid communication with the holding chamber.
3. The source according to claim 2 wherein the capillary
tube is a drawn capillary tube so that the outlet opening is
smooth.
4. The source according to claim 2 wherein the nozzle
assembly further includes a thermal shield formed around
the capillary tube.
5. The source according to claim 4 wherein the thermal
shield includes a plurality of shield layers defining a space
therebetween.
6. The source according to claim 1 wherein the nozzle
assembly further includes a filter for filtering the liquid
target material.

7. The source according to claim 6 wherein the filter is
positioned between the condenser chamber and the holding
chamber.
8. The source according to claim 1 wherein the outlet
5 opening is a circular opening providing a target stream
having a diameter in the range of 30-100 µm.
9. The source according to claim 1 wherein the target
material is Xenon.
10. The source according to claim 9 wherein the Xenon
10
has a flow rate of 1 standard liter per minute through the
nozzle assembly.
11. An extreme ultraviolet (EUV) radiation source for
generating EUV radiation, said source comprising:
15
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a nozzle assembly, said nozzle assembly including a
condenser chamber having a condenser for cryogenically cooling a gas target material to a liquid target
material, said nozzle assembly further including a filter
for filtering the liquid target material, said nozzle
assembly further including a holding chamber receiving the liquid target material and holding the target
material under pressure to allow entrained gas bubbles
in the liquid target material to be converted to liquid,
said nozzle assembly further including a capillary outlet tube coupled to the holding chamber, said outlet tube
receiving the liquid target material from the holding
chamber and emitting a stable stream of the target
material from the nozzle assembly towards a target
area; and
a laser, said laser directing a laser beam to the target area
to vaporize the target material and create a plasma that
emits the EUV radiation.
12. The source according to claim 11 wherein the nozzle
assembly further includes a thermal shield formed around
the capillary tube.
13. The source according to claim 12 wherein the thermal
shield includes a plurality of shield layers defining a space
therebetween.
14. The source according to claim 11 wherein the filter is
positioned between the condenser chamber and the holding
chamber.
15. A nozzle assembly for an extreme ultraviolet (EUV)
radiation source, said nozzle assembly comprising:
a condenser chamber including a condenser for cryogenically cooling a gas target material to a liquid target
material;
a holding chamber receiving the liquid target material
from the condenser chamber and holding the liquid
target material under pressure to allow entrained gas
bubbles in the liquid target material to be converted to
liquid; and
an outlet opening coupled to the holding chamber, said
outlet opening emitting a stable stream of the target
material from the nozzle assembly.
16. The nozzle assembly according to claim 15 wherein
the outlet opening is at an outlet end of a capillary tube, said
capillary tube being in fluid communication with the holding
chamber.
17. The nozzle assembly according to claim 16 wherein
the capillary tube is a drawn capillary tube so that the outlet
opening is smooth.
18. The nozzle assembly according to claim 16 further
comprising a thermal shield formed around the capillary
tube.
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19. The nozzle assembly according to claim 18 wherein
emitting the liquid target material from an outlet opening
the thermal shield includes a plurality of shield layers
of the nozzle as the stable stream of the target material;
defining a space therebetween.
and
20. The nozzle assembly according to claim 15 further
directing a laser beam to the target material to vaporize
comprising a filter for filtering the liquid target material.
s
the target material and create a plasma that emits the
21. The nozzle assembly according to claim 20 wherein
EUV radiation.
the filter is positioned between the condenser chamber and
23. The method according to claim 22 wherein emitting
the holding chamber.
the target stream through an outlet opening includes emitting
22. A method of generating a stable stream of a target
the target stream through a capillary outlet tube.
material emitted from a nozzle of an extreme ultraviolet 10
24. The method according to claim 23 further comprising
(EUV) radiation source, comprising:
providing a thermal shield around the capillary tube to
cryogenically cooling a gas target material to a liquid
maintain the target material in a cryogenic state therein.
target material;
25. The method according to claim 22 further comprising
filtering the liquid target material in the nozzle.
holding the liquid target material in a holding chamber for
a predetermined time period to allow entrained gas 15
bubbles in the target material to be converted to liquid;
* * * * *

