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trodes to generate the radiation. Holes are provided in
the electrodes and/or in a metal shielding plate around
the electrodes to enable better pumping down to low

pressure in the vicinity of the discharge to improve the
conversion efficiency of the source. The holes in the elec-
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metal. Improved electrical contact also reduces the time-
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Description

[0001] The present invention relates to a radiation
source, for example for producing extreme ultraviolet ra-
diation (EUV) or soft X-ray radiation, which may be used
in lithography.

[0002] A lithographic apparatus is a machine that ap-
plies a desired pattern onto a substrate, usually onto a
target portion of the substrate. A lithographic apparatus
can be used, for example, in the manufacture of integrat-
ed circuits (ICs). In that instance, a patterning device,
which is alternatively referred to as a mask or a reticle,
may be used to generate a circuit pattern to be formed
on an individual layer of the IC. This pattern can be trans-
ferred onto a target portion (e.g. including part of, one,
or several dies) on a substrate (e.g. a silicon wafer).
Transfer of the pattern is typically viaimaging onto a layer
of radiation-sensitive material (resist) provided on the
substrate. In general, a single substrate will contain a
network of adjacent target portions that are successively
patterned. Known lithographic apparatus include step-
pers, in which each target portion is irradiated by expos-
ing an entire pattern onto the target portion at one time,
and scanners, in which each target portion is irradiated
by scanning the pattern through a radiation beam in a
given direction (the "scanning" direction) while synchro-
nously scanning the substrate parallel or anti-parallel to
this direction. It is also possible to transfer the pattern
from the patterning device to the substrate by imprinting
the pattern onto the substrate.

[0003] Radiation sources are required for generating
the radiation to expose the pattern onto the substrate.
With the desire to image ever-smaller features, there has
been a drive towards using shorter wavelength radiation,
and suitable sources are required.

[0004] Gas-discharge radiation sources are known for
emitting EUV when an electrical discharge is made
through vaporized metal between electrodes. The dis-
charge area needs to have a low pressure in order to
achieve good conversion efficiency of electrical energy
to EUV radiation. A first problem is that a gas buffer is
typically provided near the discharge area to stop debris
from the discharge reaching other components. The buff-
er gas flushed towards the discharge area makes it dif-
ficult to maintain a low pressure in the vicinity of the dis-
charge. Another problemis that the discharge area needs
to be shielded from the environment and previously a
metal plate surrounding the discharge area has been pro-
vided in order to minimize the inductance of the source
environment. The metal plate effectively closes the
source chamber, except where the radiation is to be emit-
ted. This also makes pumping to reduce the pressure of
the source environment very ineffective. With a prior ap-
paratus, the conversion efficiency can be reduced by a
factor of two because of the problem with pumping to
maintain a low pressure in the vicinity of the discharge
area. A yet further problem with the prior art is adequately
cooling the electrodes of the discharge apparatus. This
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can result in further problems, such as increased electri-
cal resistance which increases the electrical time con-
stant of the circuit and so impairs the performance of the
radiation source.

[0005] Itis desirable to provide a radiation source that
alleviates, at least partially, any of the above problems.
[0006] According to one aspect of the invention there
is provided a radiation source including a plurality of elec-
trodes between which, in use, an electrical discharge is
produced to generate radiation; a region in which the
electrodes are located and in which a gas pressure is
reduceable; and a conductive plate is configured to shield
the electrodes, wherein the plate is provided with a hole.
[0007] According to another aspect of the invention
there is provided a radiation source including a plurality
of electrodes between which, in use, an electrical dis-
charge is produced to generate radiation; and a region
in which the electrodes are located and in which a gas
pressure is reduceable, wherein one of the electrodes is
rotatable and has first and second sides, and the one
electrode is provided with holes providing a flow passage
between first and second sides of the one electrode.
[0008] According to a further aspect of the invention
there is provided a radiation source including a plurality
of electrodes between which, in use, an electrical dis-
charge is produced to generate radiation, wherein one
of the electrodes is rotatable about an axis, the one elec-
trode is arranged such that its lower portion is immersed
in a bath of liquid metal, and the one electrode is provided
with strips so as to have a non-planar surface.

[0009] Embodiments of the invention will now be de-
scribed, by way of example only, with reference to the
accompanying schematic drawings in which correspond-
ing reference symbols indicate corresponding parts, and
in which:

Figure 1 depicts a lithographic apparatus according
to an embodiment of the invention;

Figure 2 is a schematic vertical cross-section
through a radiation source according to an embodi-
ment of the invention;

Figure 3 is a schematic horizontal cross-section of
the radiation source of Figure 2;

Figure 4 is a schematic vertical cross-section
through a radiation source according to an embodi-
ment of the invention;

Figures 5 and 6 are enlarged cross-sections of por-
tions of electrodes according to examples of the in-
vention;

Figure 7 is a schematic vertical cross-section of a
radiation source according to an embodiment of the
invention;

Figure 8 is a cross-section through a portion of the
electrodes according to the embodiment of the in-
vention shown in Figure 7;

Figure 9 illustrates an electrode according to an em-
bodiment of the invention; and

Figure 10 shows a cross-section through an elec-
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trode according to an embodiment of the invention.

[0010] Figure 1 schematically depicts a lithographic
apparatus according to one embodiment of the invention.
The apparatus includes a collector CO configured to col-
lect radiation from a radiation source SO. An illumination
system (illuminator) IL is configured to condition a radi-
ation beam B (e.g. UV radiation or EUV radiation). A sup-
port (e.g. a mask table) MT is configured to support a
patterning device (e.g. a mask) MA and is connected to
afirst positioner PM configured to accurately position the
patterning device in accordance with certain parameters.
A substrate table (e.g. a wafer table) WT is configured
to hold a substrate (e.g. a resist-coated wafer) W and is
connected to a second positioner PW configured to ac-
curately position the substrate in accordance with certain
parameters. A projection system (e.g. a refractive pro-
jection lens system) PS is configured to project a pattern
imparted to the radiation beam B by patterning device
MA onto a target portion C (e.g. including one or more
dies) of the substrate W.

[0011] The illumination system may include various
types of optical components, such as refractive, reflec-
tive, magnetic, electromagnetic, electrostatic or other
types of optical components, or any combination thereof,
for directing, shaping, or controlling radiation.

[0012] The support supports, e.g. bears the weight of,
the patterning device. It holds the patterning device in a
manner that depends on the orientation of the patterning
device, the design of the lithographic apparatus, and oth-
er conditions, such as for example whether or not the
patterning device is held in a vacuum environment. The
support can use mechanical, vacuum, electrostatic or
other clamping techniques to hold the patterning device.
The support may be a frame or a table, for example,
which may be fixed or movable as required. The support
may ensure that the patterning device is at a desired
position, for example with respect to the projection sys-
tem. Any use of the terms "reticle" or "mask" herein may
be considered synonymous with the more general term
"patterning device."

[0013] The term "patterning device" used herein
should be broadly interpreted as referring to any device
that can be used to impart aradiation beam with a pattern
in its cross-section such as to create a pattern in a target
portion of the substrate. It should be noted that the pattern
imparted to the radiation beam may not exactly corre-
spond to the desired pattern in the target portion of the
substrate, for example if the pattern includes phase-shift-
ing features or so called assist features. Generally, the
pattern imparted to the radiation beam will correspond
to a particular functional layer in a device being created
in the target portion, such as an integrated circuit.
[0014] The patterning device may be transmissive or
reflective. Examples of patterning devices include
masks, programmable mirror arrays, and programmable
LCD panels. Masks are well known in lithography, and
include mask types such as binary, alternating phase-

10

15

20

25

30

35

40

45

50

55

shift, and attenuated phase-shift, as well as various hy-
brid mask types. An example of a programmable mirror
array employs a matrix arrangement of small mirrors,
each of which can be individually tilted so as to reflect an
incoming radiation beam in different directions. The tilted
mirrors impart a pattern in a radiation beam which is re-
flected by the mirror matrix.

[0015] The term "projection system" used herein
should be broadly interpreted as encompassing any type
of projection system, including refractive, reflective, cat-
adioptric, magnetic, electromagnetic and electrostatic
optical systems, or any combination thereof, as appro-
priate for the exposure radiation being used, or for other
factors such as the use of an immersion liquid or the use
of a vacuum. Any use of the term "projection lens" herein
may be considered as synonymous with the more gen-
eral term "projection system".

[0016] Asheredepicted, the apparatusis of areflective
type (e.g. employing a reflective mask). Alternatively, the
apparatus may be of a transmissive type (e.g. employing
a transmissive mask).

[0017] The lithographic apparatus may be of a type
having two (dual stage) or more substrate tables (and/or
two or more mask tables). In such "multiple stage" ma-
chines the additional tables may be used in parallel, or
preparatory steps may be carried out on one or more
tables while one or more other tables are being used for
exposure.

[0018] The lithographic apparatus may also be of a
type wherein at least a portion of the substrate may be
covered by a liquid having a relatively high refractive in-
dex, e.g. water, so as tofilla space between the projection
system and the substrate. An immersion liquid may also
be applied to other spaces in the lithographic apparatus,
for example, between the mask and the projection sys-
tem. Immersion techniques are well known in the art for
increasing the numerical aperture of projection systems.
The term "immersion" as used herein does not mean that
a structure, such as a substrate, must be submerged in
liquid, butrather only means thatliquid is located between
the projection system and the substrate during exposure.
[0019] Referring to Figure 1, the illuminator IL receives
radiation from a collector CO which receives radiation
from the radiation source SO. The source SO and the
lithographic apparatus may be separate entities, for ex-
ample when the source is an excimer laser. In such cas-
es, the radiation beam may be passed from the source
SO via the collector CO to the illuminator IL with the aid
of a beam delivery system BD including, for example,
suitable directing mirrors and/or a beam expander. In oth-
er cases the source may be an integral part of the litho-
graphic apparatus, for example when the source is a mer-
cury lamp. The source SO, the collector CO and the illu-
minator IL, together with the beam delivery system BD if
required, may be referred to as a radiation system.
[0020] The illuminator IL may include an adjuster AD
for adjusting the angular intensity distribution of the ra-
diation beam. Generally, at least the outer and/or inner
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radial extent (commonly referred to as c-outer and o-
inner, respectively) of the intensity distribution in a pupil
plane of the illuminator can be adjusted. In addition, the
illuminator IL may include various other components,
such as anintegrator IN and a condenser. The illuminator
IL may be used to condition the radiation beam, to have
a desired uniformity and intensity distribution in its cross-
section.

[0021] The radiation beam B is incident on the pattern-
ing device (e.g., mask MA), which is held on the support
(e.g., mask table MT), and is patterned by the patterning
device. Having traversed the mask MA, the radiation
beam B passes through the projection system PS, which
focuses the beam onto a target portion C of the substrate
W. With the aid of the second positioner PW and position
sensor IF2 (e.g. an interferometric device, linear encoder
or capacitive sensor), the substrate table WT can be
moved accurately, e.g. so as to position different target
portions C in the path of the radiation beam B. Similarly,
the first positioner PM and another position sensor IF1
(e.g. an interferometric device, linear encoder or capac-
itive sensor) can be used to accurately position the mask
MA with respect to the path of the radiation beam B, e.g.
after mechanical retrieval from a mask library, or during
a scan. In general, movement of the mask table MT may
be realized with the aid of a long-stroke module (coarse
positioning) and a short-stroke module (fine positioning),
which form part of the first positioner PM. Similarly, move-
ment of the substrate table WT may be realized using a
long-stroke module and a short-stroke module, which
form part of the second positioner PW. In the case of a
stepper (as opposed to a scanner) the mask table MT
may be connected to a short-stroke actuator only, or may
be fixed. Mask MA and substrate W may be aligned using
mask alignment marks M1, M2 and substrate alignment
marks P1, P2. Although the substrate alignment marks
as illustrated occupy dedicated target portions, they may
be located in spaces between target portions (these are
known as scribe-lane alignment marks). Similarly, in sit-
uations in which more than one die is provided on the
mask MA, the mask alignment marks may be located
between the dies.

[0022] The depicted apparatus could be used in at
least one of the following modes:

1. In step mode, the mask table MT and the substrate
table WT are kept essentially stationary, while an
entire pattern imparted to the radiation beam is pro-
jected onto a target portion C atone time (i.e. a single
static exposure). The substrate table WT is then
shifted in the X and/or Y direction so that a different
target portion C can be exposed. In step mode, the
maximum size of the exposure field limits the size of
the target portion C imaged in a single static expo-
sure.

2.Inscan mode, the mask table MT and the substrate
table WT are scanned synchronously while a pattern
imparted to the radiation beam is projected onto a
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target portion C (i.e. a single dynamic exposure). The
velocity and direction of the substrate table WT rel-
ative to the mask table MT may be determined by
the (de-)magnification and image reversal charac-
teristics of the projection system PS. In scan mode,
the maximum size of the exposure field limits the
width (in the non-scanning direction) of the target
portion in a single dynamic exposure, whereas the
length of the scanning motion determines the height
(in the scanning direction) of the target portion.

3. In another mode, the mask table MT is kept es-
sentially stationary holding a programmable pattern-
ing device, and the substrate table WT is moved or
scanned while a pattern imparted to the radiation
beam is projected onto a target portion C. In this
mode, generally a pulsed radiation source is em-
ployed and the programmable patterning device is
updated as required after each movement of the sub-
strate table WT or in between successive radiation
pulses during a scan. This mode of operation can be
readily applied to maskless lithography that utilizes
programmable patterning device, such as a pro-
grammable mirror array of a type as referred to
above.

[0023] Combinations and/or variations on the above
described modes of use or entirely different modes of
use may also be employed.

[0024] Figures 2 and 3 depict schematically a gas-dis-
charge radiation source for producing a beam B of EUV
radiation or soft X-ray radiation having a wavelength in
the region of around 1 nm to 20 nm, for example 13.5
nm. The radiation source includes an enclosure 10 which
is pumped to a reduced pressure by pumping equipment
(not shown) such that the pressure in the region of the
discharge 12 is less than roughly 100 Pa (less than 1
mbar), for example in the range of 1 Pa to 100 Pa, or
even down to 0.01 Pa or lower.

[0025] Two disc-shaped electrodes 14, 16 are provid-
ed, each of which is rotatable about a respective axis
substantially perpendicular to its plane. Each electrode
is approximately 100 mm in diameter. The lower portion
of each electrode 14, 16 isimmersed in a respective tem-
perature-controlled bath 18, 20 containing liquid metal,
for example tin (Sn). Tin has a melting point of 230°C
and the baths can be maintained at an operating tem-
perature in the region of 300°C. The electrodes 14, 16
may be made of a very highly heat conductive material,
such as copper, and may include a copper core that is
covered by a material that is resistant to high tempera-
tures, such as molybdenum.

[0026] As each electrode 14, 16 rotates through the
molten metal in the respective bath 18, 20 it picks up a
thin surface coating, in this case of tin, particularly around
its rim. This tin is used in generating the discharge 12
and is partially sacrificed and damaged in this process,
but itis continually replenished as each electrode rotates
and becomes coated with a fresh layer of tin as each
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portion emerges from its bath. This arrangement avoids
excessive erosion of the metal of the electrodes 14, 16.
[0027] Alarge potential difference, for example 2o 10
kV is applied between the electrodes 14, 16 through the
liquid metal in the baths 18, 20 from a suitable voltage
source including a capacitor bank (not shown). A dis-
charge 12 between the electrodes 14, 16 can be initiated
by vaporizing some of the coating metal from the liquid
metal bath off the surface of one of the electrodes 14, 16
in the vicinity of the narrowest point between the elec-
trodes. The metal can be vaporized using, for example,
a laser beam, ion beam or electron beam (not shown).
The vaporized metal forms a conductive path in the gap
between the electrodes which leads to a discharge at this
point including a very high flow of current between the
electrodes 14, 16 from the capacitor bank. The current
heats the metal vapor to a high temperature such that
the metal vapor is ionized and emits the desired EUV
radiation in a pinch plasma. The discharge current is typ-
ically in excess of 10 KA.

[0028] When the gas-discharge source is operating,
debris is produced, such as metal particles/ions. If this
debris escapes from the source, then it can cause prob-
lems in the rest of the apparatus, for example by con-
densing as a metal film on optical or electrical compo-
nents in the rest of a lithographic projection apparatus.
As shown in Figure 3, atrap 22 is provided which is trans-
missive to the beam of desired electromagnetic radiation
B, such as EUV, but which prevents escape of metal
vapor and other ions and atomic debris from the gas dis-
charge. Various types of trap 22 are known, including a
foil trap which consists of metal plates on which the metal
vapor can condense. A potential difference may be ap-
plied between the metal foils to deflect charged particles.
Other forms of foil trap include a turbine-shaped rotor
which allows the EUV radiation to pass, but which blocks
relatively large and slow-moving particles emitted by the
source.

[0029] To further improve the trap 22 and prevent es-
cape of debris, a gas is introduced into the trap 22 and
is flushed towards the area of the discharge 12. The gas
acts like a buffer to suppress the escape of debris from
the source housing 10. A gas, such as argon, is used
that is transparent to the useful short wavelength elec-
tromagnetic radiation.

[0030] Furthermore, at least one metal plate 24 is pro-
vided around the discharge source to shield the source
such that it has a low inductance. The terms "shield" and
"screen" and their derivatives are used synonymously
herein. The low inductance of the source is required in
order to prevent the creation of a secondary plasma and
also to have as high a conversion efficiency as possible.
An aperture 26 is provided in the metal plate 24 in the
vicinity of the discharge 12 to allow the EUV radiation to
be emitted.

[0031] The presence of the buffer gas and the metal
plate 24 mean that although vacuum pumps are provided
for the enclosure 10, it can still be difficult to achieve the
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desired low pressure in the vicinity of the discharge 12.
[0032] According to this embodiment of the invention,
as shown in the enlargement in the upper right corner of
Figure 3, the metal plate 24 is provided with holes 28. In
order to keep the inductance low, the holes in the plate
may be smaller than the skin depth of the plate i.e. the
penetration depth of an alternating electro-magnetic field
into the metal plate.

[0033] The skin depth depends on the conductivity of
the material of the plate 24, which is also a function of
temperature, and on the frequency of the electromagnet-
ic radiation for which one is providing electromagnetic
(EM) shielding. A calculation for molybdenum at 600°C
shows that the skin depth at a frequency of 1 MHz is
roughly 200 pm. If the holes are designed for 1MHz, then
no problems are expected at higher frequencies of the
broad EM spectrum going up to several GHz. Therefore,
the dimension d of the holes may be less than 300 pum,
for example less than 200 pm or less than 100 pm. Al-
though these holes do not impair the EM shielding per-
formance of the plate 24 they still enable improved pump-
ing and reduction of pressure in the vicinity of discharge
12. At the pressure levels in question, the pumping ca-
pacity scales with the surface area of the open space
provided by the holes and with the aspect ratio of the
holes (diameter divided by thickness of the plate). There-
fore, even though each hole is very small, when a suffi-
cient number of them are provided the collective surface
area of the holes can significantly improve the pumping
and reduction of pressure in the source chamber, and so
improve the conversion efficiency of the radiation source.
Typically holes of approximately 100 pm provide good
reduction in vacuum resistance while maintaining EM
shielding.

[0034] There is no particular limitation on the shape of
the holes 28, but approximately circular is typically eas-
iest to make. The holes 28 also do not have to be uni-
formly distributed over the plate 24. For example, a higher
concentration of holes 28 can optionally be provided near
the discharge 12 in order to improve pumping at that point
and to remove the buffer gas emanating from the trap 22
as described above. In an alternative form, the plate 24
can include a metal gauze which is perforate with holes
of appropriate size to improve pumping whilst still pro-
viding the low inductance and EM shielding.

[0035] The plate 24, of whatever construction, may al-
so be maintained at an elevated temperature above the
melting point of the liquid metal used in the discharge.
Any metal splashes or metal vapor that condenses on
the plate 24 remains liquid and can flow down the plate
and be collected rather than accumulating and blocking
the holes in the plate.

[0036] Referring to Figures 4, 5 and 6, the common
features of the gas-discharge radiation source are the
same as previously described with reference to Figures
2 and 3, so that description will not be repeated. As ex-
plained above, the pumping capacity around the dis-
charge 12 is limited, which impairs the reduction in pres-
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sure at the discharge. It has been found that the rotatable
electrodes 14, 16 themselves form a vacuum resistance,
i.e. reduce the pumping capacity from around the dis-
charge point to the enclosure 10 in general. It has also
been found that improved heat extraction from the elec-
trodes 14, 16 is required if the source is to operate at
higher power levels. According to the present embodi-
ment of the invention as shown in Figure 4, holes 30 are
provided through the electrodes 14, 16. The holes pro-
vide a flow passage between one side of the electrode
and the other side of the electrode. Consequently, the
electrodes have a smaller vacuum flow resistance and
so can assist in reducing the pressure at the discharge
12. The holes 30 also improve the cooling of the elec-
trodes 14, 16 by increasing the surface area thatis cooled
in the liquid metal baths 18, 20 and by causing improved
stirring and circulation of the liquid metal. The diameter
of the holes 30 is typically in the range of 5 to 10 mm,
and is selected such that capillary forces are not too high,
so that each hole is easily filled with liquid metal and also
opens rapidly by the liquid metal flowing out when the
hole emerges from the surface of the liquid metal bath.
[0037] Figure 5 shows a cross-section of a portion of
one of the electrodes 14, 16 in which holes have been
provided that are drilled perpendicularly to the plane of
the electrode. Figure 6 shows an alternative arrangement
in which the holes are drilled at an angle displaced from
the perpendicular to the plane of the electrode. The an-
gled holes cause better forced flow of liquid metal through
each hole when submerged in the bath 18, 20 and so
improves the cooling as the electrode rotates.

[0038] In the example depicted in Figure 4, the holes
approximately circular and are provided through the elec-
trodes around their circumference near their outer pe-
ripheral edge. Other configurations of holes are, of
course, possible, for example elliptically shaped holes or
a larger number of smaller holes or electrode discs that
are completely perforated over their whole area. The
presence of the holes may effect the electrical inductance
of the electrodes, but this can be mitigated, if necessary,
by synchronizing discharge pulses such that they occur
at points on the circumference of the electrodes that are
in between holes.

[0039] Referringto Figures7 and 8, as before, descrip-
tion of the features of the gas-discharge source already
explained in the previous embodiments will not be re-
peated.

[0040] In this embodiment, strips 32 are provided on
the back sides of the rotatable electrodes 14, 16. In the
example illustrated in Figure 7, the strips are arranged
radially from the rotation axis of each electrode. As can
be seen in the cross section in Figure 8, the strips 32
have appreciable thickness relative to the thickness of
the electrode discs 14, 16. The strips 32 are conductive
and preferably made of the same material as the elec-
trode discs themselves. As the electrodes 14, 16 rotate
through the molten metal baths 18, 20, the strips stir the
liquid metal so that the heated liquid metal is pumped
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away and replaced by cooler liquid metal. This avoids
the liquid metal getting too hot. Previously there was a
problem with liquid tin reaching boiling temperature
where it is in contact with the electrodes; this made the
thermal contact even worse and reduced the conduction
of heataway fromthe electrodes. The strips also increase
the cooling surface of the electrodes in contact with the
liquid metal. This reduces the thermal resistance and also
reduces the electrical resistance, which has the effect of
reducing ohmic heating of the electrodes and liquid met-
al. Furthermore, the strips improve thermal conduction
within the electrodes 14, 16 themselves such that heat
is better distributed and transported away from hot por-
tions and into the cooling liquid metal baths.

[0041] Inthe example illustrated in Figure 7, the strips
32 are straight, but alternative shapes are envisaged, for
example the strips being curved and/or having curved
surfaces in order to maximize the pumping efficiency as
they pass through the liquid metal and also to avoid the
generation of splashes when the strips hit the surface of
the liquid metal.

[0042] Referring to Figure 9, a single electrode may
be used in agas-discharge radiation source as previously
described. In thisembodiment, the electrode has an outer
rim where the discharge takes place, exactly as before,
butthe rim 34 is connected by stiff blades 36 to the central
axle 38. The blades 36 are provided at an angle to the
plane of the electrode such that they have the overall
configuration of a turbine. The blades 36 generate a
pumping action as they pass through the liquid metal
baths and so improve the cooling of the electrode. The
cooling area of the electrode is also increased substan-
tially in comparison with a planar disc-type electrode. The
spaces between the electrodes also provide openings
through which improved vacuum pumping of the dis-
charge region can occur. By selecting the number of
blades, their angle and width, the spaces between the
blades can be controlled such that EM shielding is main-
tained. The blades 36 do not have to be straight, but may
be curved and/or twisted in shape.

[0043] The electrode of Figure 9 combines the holes
through the electrode of Figure 4 with the strips for stirring
the liquid metal of Figure 7, and like both of these earlier
embodiments provides increased surface area for con-
tact between the electrode and liquid metal.

[0044] Any of the above embodiments that increase
the surface area of electrode in contact with liquid metal
will reduce the ohmic resistance of the discharge circuit.
This reduces the electrical time-constant of the circuit,
which improves the conversion efficiency of the dis-
charge source because of the very high transient currents
that are required to maximize the conversion efficiency
of the discharge. The turbine-shaped electrode reduces
the resistance even further because the skin-effectforces
currentathigh frequency to flow through the outer surface
of the electrode, so in this case the conductive surface
over the blades is significantly increased and thus the
electrical time-constant is reduced thereby improving the
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conversion efficiency.

[0045] Figure 10 depicts an electrode, in cross-sec-
tion, for a radiation source in accordance with an embod-
iment of the invention. In this embodiment, the electrode
includes a rim 34, as in Figure 9, but the body of the
electrode includes a plurality of parallel plates 40, spaced
apart from each other, the plates 40 being joined to the
rim 34 and connecting the rim 34 to the central axle 38.
Each plate 40 is perforated with a plurality of holes 42.
As the electrode rotates, liquid metal in the bath can flow
in and out of the holes 42 and the spaces between the
plates 40, providing a large surface for electrical and ther-
mal contact. The holes also provide a gas flow path for
improved low-pressure pumping, while maintaining EM
shielding. This configuration of electrode provides prop-
erties similar to those discussed above, such as: im-
proved gas pumping in the vicinity of the discharge
through the holes 42 in the parallel plates 40; increased
surface area in contact with the liquid metal to improve
thermal cooling of the electrode and to reduce the ohmic
resistance, which reduces the time-constant of the dis-
charge circuit and so improves the conversion efficiency
and also reduces the ohmic power loss; improved cooling
of the electrode by forced stirring of the liquid metal bath;
and maintaining EM shielding and low inductance.
[0046] It should be appreciated that the features of the
various embodiments of the invention described above
can be used either on their own or in any suitable com-
bination. For example, the holes in the shielding plate 24
can be used on their own without the features of any of
Figures 4 to 10, or could be used in conjunction with any
of the other embodiments. Similarly, the embodiments
of Figures 4 to 10 do not have to be used with a perforated
plate 24. Furthermore, for example, an electrode includ-
ing cooling/stirring strips 32 as depicted in Figure 7, could
be used in conjunction with holes 30 as depicted in Figure
4. Other combinations should be readily appreciated.
[0047] Although specific reference may be made in this
text to the use of lithographic apparatus in the manufac-
ture of ICs, it should be appreciated that the lithographic
apparatus described herein may have other applications,
such as the manufacture of integrated optical systems,
guidance and detection patterns for magnetic domain
memories, flat-panel displays, liquid-crystal displays
(LCDs), thin-film magnetic heads, etc. It should be ap-
preciated that, in the context of such alternative applica-
tions, any use of the terms "wafer" or "die" herein may
be considered as synonymous with the more general
terms "substrate" or "target portion", respectively. The
substrate referred to herein may be processed, before
or after exposure, in for example a track (a tool that typ-
ically applies a layer of resist to a substrate and develops
the exposed resist), a metrology tool and/or an inspection
tool. Where applicable, the disclosure herein may be ap-
plied to such and other substrate processing tools. Fur-
ther, the substrate may be processed more than once,
for example in order to create a multi-layer IC, so that
the term substrate used herein may also refer to a sub-
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strate that already contains multiple processed layers.
[0048] Although specific reference may have been
made above to the use of embodiments of the invention
in the context of optical lithography, it should be appre-
ciated that the invention may be used in other applica-
tions, for example imprint lithography, and where the con-
text allows, is not limited to optical lithography. In imprint
lithography a topography in a patterning device defines
the pattern created on a substrate. The topography of
the patterning device may be pressed into a layer of resist
supplied to the substrate whereupon the resist is cured
by applying electromagnetic radiation, heat, pressure or
a combination thereof. The patterning device is moved
out of the resist leaving a pattern in it after the resist is
cured.

[0049] The terms "radiation" and "beam" used herein
encompass all types of electromagnetic radiation gener-
ated using a gas discharge, including extreme ultra-violet
(EUV) radiation (e.g. having a wavelength in the range
of 5-20 nm), and soft X-ray radiation.

[0050] The term "lens", where the context allows, may
refer to any one or combination of various types of optical
components, including refractive, reflective, magnetic,
electromagnetic and electrostatic optical components.
[0051] While specific embodiments of the invention
have been described above, it should be appreciated that
the invention may be practiced otherwise than as de-
scribed.

[0052] The descriptions above are intended to be illus-
trative, not limiting. Thus, it will be apparent to one skilled
in the art that modifications may be made to the invention
as described without departing from the scope of the
claims set out below.

Claims
1. A radiation source, comprising:

a plurality of electrodes between which, in use,
an electrical discharge is produced to generate
radiation;

aregion in which the electrodes are located and
in which a gas pressure is reduceable; and

a conductive plate configured to shield the elec-
trodes, wherein the plate is provided with a hole.

2. Aradiation source according to claim 1, wherein the
hole is configured to enhance the reduction in gas

pressure in the region.

3. Aradiation source according to claim 1 or 2, wherein
the hole has a dimension of less than 300 pm.

4. A radiation source according to claim 1, 2 or 3,
wherein the hole has a dimension less than 200 pm.

5. A radiation source according to claim 1, 2, 3 or 4,
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wherein the hole has a dimension less than 100 pm.

A radiation source according to any one of claims 1
to 5, further comprising a plurality of holes provided
in the plate concentrated towards a location at which
the electrical discharge between the electrodes is
produced.

A radiation source, comprising:

a plurality of electrodes between which, in use,
an electrical discharge is produced to generate
radiation; and

aregion in which the electrodes are located and
in which a gas pressure is reduceable, wherein
at least one of the electrodes is rotatable and
has first and second sides, and an electrode is
provided with holes providing a flow passage
between first and second sides of the electrode.

A radiation source according to claim 7, wherein the
electrode is disc-shaped and a hole is provided at
an angle displaced from the perpendicular to the
plane of the disc.

A radiation source according to claim 7, wherein the
electrode is in the form of a turbine having blades,
and the holes comprise the spaces between the
blades of the turbine.

A radiation source according to claim 7, wherein the
electrode comprises a plurality of parallel, spaced
apart, discs joined by a rim, each disc being provided
with the holes.

A radiation source according to any one of claims 7
to 10, wherein the electrode is configured such that
a lower portion is immersed in a bath of liquid metal.

A radiation source, comprising:

a plurality of electrodes between which, in use,
an electrical discharge is produced to generate
radiation, wherein an electrode of the plurality
of electrodes is rotatable about an axis, the elec-
trode is configured such that a lower portion is
immersed in a bath of liquid metal, and the elec-
trode is provided with strips so as to have a non-
planar surface.

A radiation source according to claim 12, wherein
the electrode is disc-shaped and the strips are pro-
vided on one side of the disc-shaped electrode.

A radiation source according to claim 12, wherein
the strips are arranged radially with respect to the
axis of the electrode.
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15.

16.

17.

18.

A radiation source according to claim 12, wherein
the strips are straight or curved.

A radiation source according to claim 12, wherein
the electrode is in the form of a turbine having blades,
and the strips comprise the blades of the turbine.

A radiation source according to any preceding claim,
wherein the radiation is extreme ultraviolet radiation.

A lithographic projection apparatus comprising a ra-
diation source according to any preceding claim.
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