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(54) DROPLET GENERATOR

(57) There is provided a droplet generator compris-
ing: a conduit comprising an orifice configured to fluidly
couple to a reservoir and to emit molten target material
in a molten target material direction; a plurality of piezo
elements (17) at least partially surrounding the conduit,

characterized in that at least one of the piezo elements
in configured to operate in shear mode such that shear
motion of the at least one piezo element is in the molten
target material direction.
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Description
FIELD
[0001] The presentdisclosure relates to a droplet gen-

erator in particular, but not exclusively, for the generation
of EUV light. The droplet generator can be used in con-
nection with a lithographic apparatus, particularly, but not
exclusively, an EUV lithography apparatus. The present
disclosure also relates to an assembly for a lithography
apparatus including such a droplet generator, and a li-
thography apparatus including such a droplet generator
or assembly. In addition, the present disclosure relates
to a method of generating a stream of molten target ma-
terial droplets, as well as the use of such a droplet gen-
erator, assembly, lithography apparatus, or method in a
lithography method or apparatus.

BACKGROUND

[0002] A lithographic apparatus is a machine con-
structed to apply a desired pattern onto a substrate. A
lithographic apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). A lithographic
apparatus may, for example, project a pattern at a pat-
terning device (e.g., a mask) onto a layer of radiation-
sensitive material (resist) provided on a substrate.
[0003] Toprojectapatternonasubstrate alithographic
apparatus may use electromagneticradiation. The wave-
length of this radiation determines the minimum size of
features which can be formed on the substrate. A litho-
graphic apparatus, which uses extreme ultraviolet (EUV)
radiation, having a wavelength within the range 4-20 nm,
for example 6.7 nm or 13.5 nm, may be used to form
smaller features on a substrate than a lithographic ap-
paratus which uses, for example, radiation with a wave-
length of 193 nm.

[0004] Methods for generating EUV light include, but
are not limited to, altering the physical state of a source
material, also known as a target material, to a plasma
state. The source materials include a compound or an
element, forexample, xenon, lithium, or tin, with an emis-
sion line in the EUV range. In one such method, often
termed laser produced plasma ("LPP"), the required plas-
ma is produced by irradiating a source material, for ex-
ample, inthe form of adroplet, stream, or cluster of source
material, with an amplified light beam that can be referred
toasadrivelaser. Forthis process, the plasmaiis typically
produced in a sealed vessel, for example, a vacuum
chamber. Where droplets are used, they are provided
via a droplet generator apparatus, which is supplied with
high pressure liquid source material.

[0005] As lithography apparatuses advance, existing
assemblies used in such apparatuses will not have the
required performance, stability, or reliability required. Ex-
isting droplet generators will be unable to meet the re-
quirements of next generation lithography apparatuses,
which will likely require higher frequencies, and so it is
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desirable to provide apparatuses and assemblies which
provide improved performance, stability, and/or reliabil-

ity.
SUMMARY

[0006] According to a first aspect there is provided a
droplet generator comprising: a conduit comprising an
orifice configured to fluidly couple to a reservoir and to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, characterized in that at least
one of the piezo elements is configured to operate in
shear mode such that shear motion of the at least one
piezo element is in the molten target material direction.
[0007] Piezoelectric materials generate an internal
strain resulting from an applied electric field and vice ver-
sa. As such, it is possible to control the deformation of a
piezoelectric material by application of an electric field.
Piezoelectric elements are used in inkjet printers for de-
forming a side wall of a chamber containing an ink to
squeeze the ink out of an outlet. There are chambers
adjacent to one another which share a common wall in-
cluding a piezoelectric material such that when the wall
is deformed in one direction, the associated chamber is
squeezed and the adjacent chamber is refilled with ink.
Such printers rely on changes in volume, and therefore
pressure, to expel ink droplets. If the piezoelectric mate-
rial is not activated by the application of an electric field,
the ink will remain in the chambers.

[0008] Inexisting dropletgenerators forlithography ap-
paratuses, a radially poled piezo cylinder is provided
around a capillary. The piezo cylinder is configured such
that it excites molten target material flowing through the
capillary in the acoustic frequency region via the so-
called d33 and d31 modes of the piezo material. Such
modes are in the thickness and length direction of the
piezo cylinder. In such modes, the polarization and elec-
tric field are aligned. When molten target material is flow
through the capillary, the flow is disrupted by the defor-
mations of the piezoelectric material at least partially sur-
rounding the capillary, causing it to split into droplets.
Without deformation of the piezoelectric material, there
would be a continuous stream of molten target material
leaving the orifice.

[0009] In d15 mode, also referred to as shear mode,
the electric field is perpendicular to polarization. This al-
lows for a greater potential difference to be provided,
which can be provided as either a positive or negative
voltage, since the polarization is perpendicular to the ap-
plied field and is therefore less likely to be flipped by the
application of an electric field. This allows an increase in
sensitivity and therefore improved performance. Further-
more, the use of a shear mode in the same direction as
the direction of the molten target material through the
conduit results in the generation of droplets via pertur-
bation of velocity rather than pressure, which also im-
proves performance and reliability, particularly at higher
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frequencies. It will be appreciated that the plurality of pi-
ezo elements may at least partially or completely sur-
round the conduit. As such, there may be portions around
the circumference of the conduit which are not surround-
ed by a piezo element. For example, in some embodi-
ments, the piezo elements may be distributed around the
circumference of the conduit and be circumferentially
spaced apart. In other embodiments, the piezo elements
are arranged to completely surround the conduit without
being circumferentially spaced apart from one another.
Furthermore, it will be appreciated that the plurality of
piezo elements do not necessarily extend the full length
of the conduit. An advantage of having a piezo element
which does not completely surround the conduit is that
it is easier to provide an electrode on an internal surface
of the piezo element. When the piezo element is a com-
plete tube, it is more difficult or even impossible to create
complex electrode patterns, such as interdigitated pat-
terns. With a segmented piezo element, it is readily pos-
sible to create such complex electrode patterns.

[0010] The conduit may be a capillary. In lithography
apparatuses, only a small amount of molten target ma-
terial is needed to generate the light of a desired wave-
length, so a capillary is sufficient to provide the molten
target material.

[0011] The conduit may be a glass capillary. Since the
molten target material, such as tin, may be corrosive in
its molten form to metals, itis preferable to use a material
which is stable to exposure to the molten target material.
[0012] The droplet generator may further include a
controller configured to control voltage applied to the pi-
ezoelements. The controller may be configured to control
the magnitude, frequency, and duty cycle of the voltage
applied to the piezo elements in order to control the gen-
eration of droplets of the molten target material.

[0013] Atleastone of the piezo elements includes seg-
mented electrodes. These may be provided via applica-
tion of a mask during deposition of the electrode or could
be machined away after deposition. The use of segment-
ed electrodes allows for improved performance since it
is possible to individually control segments of the elec-
trodes, thereby allowing for increased sensitivity.
[0014] The segmented electrodes may be interdigitat-
ed. By interdigitating the electrodes, it is possible to al-
ternate poling along the conduit. As such, in embodi-
ments, the piezo elements are arranged such that poling
is alternated along the conduit.

[0015] At least one of the segmented electrodes may
extend from an internal face of a piezo element to an
external face of a piezo element. In this way, the number
of connections required to control the piezo elements is
reduced, thereby simplifying the apparatus.

[0016] The droplet generator may include a pre-load
tube at least partially surrounding the plurality of piezo
elements. Since the piezo elements are configured to
apply a force to the conduit, an equal and opposite force
is provided by the conduit to the piezo elements. This
could lead to the piezo elements moving away from the
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conduit rather than exerting the force on the conduit. The
pre-load tube constrains the piezo elements such that
they are not able to move away from the conduit and
thereby apply more of the force generated to the conduit.
Again, it will be appreciated that the pre-load tube may
partially or completely surround the plurality of piezo el-
ements. Similarly, the pre-load tube may partially or com-
pletely extend along the axial length of the piezo ele-
ments.

[0017] Thedropletgenerator may be configuredto pro-
vide a positive or negative potential difference to the plu-
rality of piezo elements. Since the piezo elements are
configured to shear in the direction of the molten target
material, it is possible to provide a positive or a negative
potential difference. In other modes, only a positive po-
tential difference may be applied in order to avoid the
problem of polarization being flipped.

[0018] A gap may be provided between adjacent piezo
elements. Preferably, the gap is in the longitudinal axis
of the conduit. Since the piezo elements are operated in
shear mode in the same direction as the flow of molten
target material, a gap may avoid adjacent piezo elements
from applying a force to one another in operation.
[0019] The molten target material may be a liquid met-
al. The metal is preferably tin or lithium.

[0020] According to a second aspect of the present
disclosure, there is provided an assembly for a lithogra-
phy apparatus including the droplet generator according
to the first aspect of the present disclosure.

[0021] The assembly may be a droplet generator ap-
paratus for a lithography apparatus, preferably an EUV
lithography apparatus.

[0022] The assembly may include a molten target ma-
terial reservoir, such as a molten tin reservoir.

[0023] The assembly may include a means for moving
molten target material from the molten target material
reservoir. Such means may include a pump. Such means
may include a pressure vessel configured to control the
pressure of a gas therein to exert a pressure on molten
target material within the vessel. The vessel may be the
molten target material reservoir.

[0024] The assembly may include valves configured
to control the flow of molten target material through the
assembly. Such valves may be freeze valves.

[0025] According to a third aspect of the present dis-
closure, there is provided a radiation source including a
droplet generator according to the first aspect of the
present disclosure or an assembly according to the sec-
ond aspect of the present disclosure.

[0026] The radiation source is preferably an EUV ra-
diation source, although it will be appreciated that other
radiation sources may utilize the droplet generator or as-
sembly described herein.

[0027] According to a fourth aspect of the present dis-
closure, there is provided alithography apparatus includ-
ing the droplet generator according to the first aspect of
the presentdisclosure, an assembly according to the sec-
ond aspect of the present disclosure, or a radiation
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source according to the third aspect of the present dis-
closure. Preferably, the lithography apparatus is an EUV
lithography apparatus.

[0028] According to a fifth aspect of the present disclo-
sure, there is provided a method of generating a stream
of molten target material droplets, the method including
providing a conduit comprising an orifice configured to
fluidly couple to a reservoir and to emit molten target
material in a molten target material direction, said conduit
being at least partially surrounded by a plurality of piezo
elements, flowing a liquid target material through the con-
duit, and operating at least one of the plurality of piezo
elements in shear mode such that shear motion of the
piezo elements is in the molten target material direction
to thereby generate a stream of molten target material
droplets.

[0029] Asdescribed in respect of the first aspect of the
present disclosure, by operating the piezo elements in
shear mode such that the shear motion of the piezo el-
ements is in the same direction as the molten target ma-
terial direction, it is possible to perturb the velocity of the
molten target material flowing through the conduit and
cause it to separate into droplets. It is also possible to
apply a larger potential difference before the polarization
is flipped and so greater sensitivity can be provided.
[0030] The method may include operating the plurality
of piezo elements at a frequency of from around 20 kHz
to around 20 MHz.

[0031] According to a sixth aspect of the present dis-
closure, there is provided the use of a droplet generator
according to a first aspect, as assembly according to the
second aspect, a radiation source according to the third
aspect, a lithography apparatus according to the fourth
aspect or a method according to the fifth aspect of the
present disclosure in a lithography method or apparatus.
[0032] The features described in respect of any of the
aspects may be combined with the features described in
respect of any of the other aspects of the present inven-
tion.

[0033] The present invention will now be described
with reference to an EUV lithography apparatus. Howev-
er, it will be appreciated that the present invention is not
limited to EUV lithography and may be suitable for other
types of lithography.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Embodiments of the invention will now be de-
scribed, by way of example only, with reference to the
accompanying schematic drawings, in which:

Figure 1 depicts a lithographic system comprising a
lithographic apparatus and a radiation source;
Figure 2 depicts the d33, d31, and d15 modes of a
piezoelectric element;

Figures 3 depicts a prior art configuration in which
the piezoelectric element is configured to be excited
in the d33 and d31 modes;
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Figure 4 depicts an embodiment of the present dis-
closure including a pre-load tube;

Figure 5 depicts an embodiment of the present dis-
closure including a plurality of piezo elements with
alternating potential differences applied and poling
along the axis of the conduit;

Figure 6 depicts one configuration of electrodes ac-
cording to the present disclosure;

Figure 7 depicts the shape which would be formed
if the piezo elements were free;

Figures 8a and 8b depict two embodiments accord-
ing to the present disclosure; and

Figure 9 depicts an embodiment in which the piezo
element partially surrounds the conduit.

DETAILED DESCRIPTION

[0035] Figure 1 shows a lithographic system compris-
ing a radiation source SO and a lithographic apparatus
LA. The radiation source SO is configured to generate
an EUV radiation beam B and to supply the EUV radiation
beam B to the lithographic apparatus LA. The lithographic
apparatus LA comprises an illumination system L, a sup-
port structure MT configured to support a patterning de-
vice MA (e.g., a mask), a projection system PS and a
substrate table WT configured to support a substrate W.
A pellicle 15 may be provided to protect the patterning
device MA from contamination.

[0036] The illumination system IL is configured to con-
dition the EUV radiation beam B before the EUV radiation
beam B is incident upon the patterning device MA. There-
to, the illumination system IL may include a facetted field
mirror device 10 and a facetted pupil mirror device 11.
The faceted field mirror device 10 and faceted pupil mirror
device 11 together provide the EUV radiation beam B
with a desired cross-sectional shape and a desired in-
tensity distribution. The illumination system IL may in-
clude other mirrors or devices in addition to, or instead
of, the faceted field mirror device 10 and faceted pupil
mirror device 11.

[0037] After being thus conditioned, the EUV radiation
beam B interacts with the patterning device MA. As a
result of this interaction, a patterned EUV radiation beam
B’ is generated. The projection system PS is configured
to project the patterned EUV radiation beam B’ onto the
substrate W. For that purpose, the projection system PS
may comprise a plurality of mirrors 13,14 which are con-
figured to project the patterned EUV radiation beam B’
onto the substrate W held by the substrate table WT. The
projection system PS may apply a reduction factor to the
patterned EUV radiation beam B’, thus forming an image
with features that are smaller than corresponding fea-
tures on the patterning device MA. For example, a re-
duction factor of 4 or 8 may be applied. Although the
projection system PS is illustrated as having only two
mirrors 13,14 in Figure 1, the projection system PS may
include a different number of mirrors (e.g., six or eight
mirrors).
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[0038] The substrate W may include previously formed
patterns. Where this is the case, the lithographic appa-
ratus LA aligns the image, formed by the patterned EUV
radiation beam B’, with a pattern previously formed on
the substrate W.

[0039] A relative vacuum, i.e. a small amount of gas
(e.g. hydrogen) at a pressure well below atmospheric
pressure, may be provided in the radiation source SO,
in the illumination system IL, and/or in the projection sys-
tem PS.

[0040] The radiation source SO shown in Figure 1 is,
for example, of a type which may be referred to as a laser
produced plasma (LPP) source. A laser system 1, which
may, for example, include a CO, laser, is arranged to
deposit energy via a laser beam 2 into a fuel, such as tin
(Sn) which is provided from, e.g., a fuel emitter 3. Fuel
emitter 3 may be connected to a droplet generator ap-
paratus according to the present disclosure. Although tin
is referred to in the following description, any suitable
fuel may be used. The fuel is in liquid form, and may, for
example, be a metal or alloy. The fuel emitter 3 may com-
prise a nozzle configured to direct tin, e.g. in the form of
droplets, along a trajectory towards a plasma formation
region 4. The laser beam 2 is incident upon the tin at the
plasma formation region 4. The deposition of laser ener-
gy into the tin creates a tin plasma 7 at the plasma for-
mation region 4. Radiation, including EUV radiation, is
emitted from the plasma 7 during de-excitation and re-
combination of electrons with ions of the plasma.
[0041] The EUV radiation from the plasma is collected
and focused by a collector 5. Collector 5 comprises, for
example, a near-normal incidence radiation collector 5
(sometimes referred to more generally as a normal-inci-
dence radiation collector). The collector 5 may have a
multilayer mirror structure which is arranged to reflect
EUV radiation (e.g., EUV radiation having a desired
wavelength such as 13.5 nm). The collector 5 may have
an ellipsoidal configuration, having two focal points. A
firstone of the focal points may be at the plasma formation
region 4, and a second one of the focal points may be at
an intermediate focus 6, as discussed below.

[0042] The laser system 1 may be spatially separated
from the radiation source SO. Where this is the case, the
laser beam 2 may be passed from the laser system 1 to
the radiation source SO with the aid of a beam delivery
system (not shown) comprising, for example, suitable di-
recting mirrors and/or a beam expander, and/or other
optics. The laser system 1, the radiation source SO and
the beam delivery system may together be considered
to be a radiation system.

[0043] Radiation that is reflected by the collector 5
forms the EUV radiation beam B. The EUV radiation
beam B is focused at intermediate focus 6 to form an
image at the intermediate focus 6 of the plasma present
at the plasma formation region 4. The image at the inter-
mediate focus 6 acts as a virtual radiation source for the
illumination system IL. The radiation source SO is ar-
ranged such that the intermediate focus 6 is located at
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or near to an opening 8 in an enclosing structure 9 of the
radiation source SO.

[0044] Figure 2 depicts three modes of a piezoelectric
material. In the d33 mode, the polarization (as shown by
the three arrows within the piezoelectric material 17) and
the direction of the electric field E5 are in the same direc-
tion. Similarly, in the d31 mode, the polarization (as
shown by the three arrows within the piezoelectric ma-
terial 17) and the direction of the electric field E5 are in
the same direction. The d33 and d31 modes cause de-
formation in the thickness 16 and length 16’ directions of
the piezo material. In the d15 mode, the polarization (as
shown by the three arrows within the piezoelectric ma-
terial 17) and the electric field E are perpendicular, which
results in deformation in the shear 16" direction.

[0045] Figure 3 depicts an embodiment of an existing
configuration in which the piezoelectric material 17 is
configured to be excited in the d33 and d31 modes. The
dashed lines depict the exaggerated movement of the
piezoelectric material 17 and the double headed arrows
indicate the direction of movement of the piezoelectric
material 17. The piezoelectric material 17 atleast partially
surrounds a conduit 18 through which molten target ma-
terial flows when in use and the d33 and d31 modes
deform the conduit 18, which causes the stream of molten
target material to form droplets as it leaves the conduit 18.
[0046] Figure 4 depicts an embodiment according to
the present disclosure in which the piezo elements 17,
17’ are configured to operate in shear mode such that
the direction of the shear movement is in the same di-
rection as the flow F of molten target material though the
conduit 18. The piezoelectric elements 17,17’ are shown
in exaggerated shear deformation. The piezoelectric el-
ements 17, 17’ are shown as segmented and are alter-
nately poled such that the shear deformation occurs in
opposing directions along the axis of flow F of the molten
target material. In this embodiment, the piezo elements
17, 17’ are cylinders surrounding the conduit 18. In this
embodiment, a pre-load tube 19 is provided surrounding
the piezo elements 17, 17’ and is configured to retain the
piezo elements 17, 17’ in the desired position such that
when excited, the deformation of the piezo elements 17,
17’ caused deformation of the conduit 18. Although two
piezo elements 17, 17’ are depicted, it will be appreciated
that the present disclosure is not limited to any particular
number of piezo elements.

[0047] Figure 5 depicts an embodiment of the present
disclosure in which a plurality of piezo elements 17 are
provided surrounding a conduit 18. The poling P is along
the length of the conduit 18, with the potential difference
applied to each piezo element 17 being alternated be-
tween positive and negative. The conduit 18 may held at
0V. A pre-load tube (not shown) may be provided.
[0048] Figure 6 depicts one possible configuration of
electrodes, with a ground electrode 20 (shown as a
dashed line) being provided around the central conduit
18 and secondary electrodes 21 configured to provided
alternating positive and negative voltages along the con-
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duit 18. The direction of the electric fields is shown by
the black arrows between the ground electrode 20 and
the secondary electrodes 21.

[0049] Figure 7 is a schematic representation of the
configuration which would be adopted by free piezo ele-
ments 17 should then not be attached to the conduit 18
and/or constrained by a pre-load tube (not shown). As
will be appreciated, by affixing the piezo elements 17 to
the conduit 18, such as by gluing, and/or by constraining
the piezo elements 17, such as by the provision of a pre-
load tube at least partially surrounding the piezo ele-
ments 17, the shear deformation of the piezo elements
17 is able to deform the conduit 18, and consequently
perturb the velocity of molten target material flowing
through the conduit.

[0050] Figure 8a and Figure 8b depict two embodi-
ments of the present disclosure. In Figure 8a, a conduit
18 is surrounded by piezo elements 17. The piezo ele-
ments 17 are polarized (as shown by the black arrows
within the piezo elements) along the direction of the con-
duit 18, with some being parallel and others being anti-
parallel. In Figure 8a, there is a gap between adjacent
piezo elements 17 and in Figure 8b, there is no gap be-
tween adjacent piezo elements 17. Within the conduit 18
is a molten target material 22. It will be appreciated that
a pre-load tube (not shown) may be provided at least
partially surrounding the piezo elements 17.

[0051] Inuse, amoltentarget material 22, such as mol-
ten tin, is passed through conduit 18. The piezo elements
17 which surround the conduit 18 and are poled in the
direction of the molten target material flow are exposed
to an electric field at right angles to the poling such that
the piezo elements 17 deform in shear mode in the same
direction as the molten target material flow. The effect of
the piezo element 17 operating in shear mode is that the
velocity of the molten target material is perturbed such
that the flow forms droplets upon leaving the conduit 18.
[0052] Figure 9 depicts an embodiment in which a pi-
ezo element 17 partially surrounds the conduit 18. The
piezo element 17 in this embodiment is in a c-shaped
configuration with a circumferential gap. Although one
piezo element 17 is shown, it will be appreciated that
there may be any number of piezo elements 17.

[0053] The presentinvention provides for systems and
methods for producing a stream of droplets of a molten
target material. By operating piezo elements in shear
mode in the same direction as the flow of molten target
material, at the higher frequencies which next generation
lithography machines will operate, it is possible to
achieve higher sensitivity. Sensitivity is a measure of how
much energy can be transferred to the molten target ma-
terial for a given potential difference. As such, having a
higher sensitivity at higher frequencies means that the
transfer of energy from the piezo elements is more effi-
cient. In addition, by arranging the poling and application
of potential difference as described herein, it is possible
to apply positive and/or negative voltages to the piezo
elements withoutthe field flipping and so greater potential
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differences can be provided which result in more energy
transfer to the molten target material with the associated
improvement in performance.

[0054] Other aspects of the invention are set out in the
following numbered clauses.

1. A droplet generator comprising:

a conduit comprising an orifice configured to flu-
idly couple to a reservoir and to emit molten tar-
get material in a molten target material direction;
a plurality of piezo elements at least partially sur-
rounding the conduit,

characterized in that at least one of the piezo
elements in configured to operate in shear mode
such that shear motion of the at least one piezo
elementis in the molten target material direction.

2. The droplet generator according to clause 1,
wherein the conduit is a capillary, optionally a glass
capillary.

3. The droplet generator according to clause 1 or
clause 2, wherein the droplet generator further in-
cludes a controller configured to control voltage ap-
plied to the piezo elements.

4. The droplet generator according to any preceding
clause, wherein at least one of the piezo elements
includes segmented electrodes.

5. The droplet generator according to clause 4,
wherein the segmented electrodes are interdigitat-
ed.

6. The droplet generator according to clause 4,
wherein at least one of the segmented electrodes
extends from an internal face of a piezo element to
an external face of a piezo element.

7. The droplet generator according to any preceding
clause, wherein the droplet generator further in-
cludes a pre-load tube at least partially surrounding
the plurality of piezo elements.

8. The droplet generator according to any preceding
clause, wherein the droplet generator is configured
to provide a positive or negative potential difference
to the plurality of piezo elements.

9. The droplet generator according to any preceding
clause, wherein a gap is provided between adjacent
piezo elements, preferably in a direction of a longi-
tudinal axis of the conduit.

10. The droplet generator according to any preced-
ing clause, wherein the piezo elements are arranged
such that poling is alternated along the conduit.

11. The droplet generator according to any preced-
ing clause, wherein the molten target material is a
liquid metal, preferably tin.

12. An assembly for a lithography apparatus includ-
ing the droplet generator according to any preceding
clause.

13. A radiation source including a droplet generator
or assembly according to any of clauses 11 or 12.
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14. A lithography apparatus including the droplet
generator, assembly, or radiation source according
to any preceding clause.

15. Amethod of generating a stream of molten target
material droplets, the method including providing a
conduit comprising an orifice configured to fluidly
couple to a reservoir and to emit molten target ma-
terial in a molten target material direction, said con-
duit being at least partially surrounded by a plurality
of piezo elements, flowing a liquid target material
through the conduit, and operating at least one of
the plurality of piezo elements in shear mode such
that shear motion of the piezo elements is in the mol-
ten target material direction to thereby generate a
stream of molten target material droplets.

16. The method according to clause 15, wherein the
method further including operating the plurality of pi-
ezo elements at a frequency of around 20 kHz to
around 20 MHz.

17. The use of a droplet generator according to any
of clauses 1 to 11, an assembly according to clause
12, a radiation source according to clause 13, a li-
thography apparatus according to clause 14, or a
method according to clause 15 or 16 in a lithography
method or apparatus.

[0055] While specific embodiments of the invention
have been described above, it will be appreciated that
the invention may be practiced otherwise than as de-
scribed. 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 droplet generator comprising:

a conduit comprising an orifice configured to flu-
idly couple to a reservoir and to emit molten tar-
get material in a molten target material direction;
a plurality of piezo elements atleast partially sur-
rounding the conduit,

characterized in that at least one of the piezo
elements in configured to operate in shear mode
such that shear motion of the at least one piezo
elementis in the molten target material direction.

2. Thedroplet generator according to claim 1, wherein
the conduit is a capillary, optionally a glass capillary.

3. The droplet generator according to claim 1 or claim
2, wherein the droplet generator further includes a
controller configured to control voltage applied to the
piezo elements.
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4.

10.

1.

12.

13.

14.

15.

The droplet generator according to any preceding
claim, wherein at least one of the piezo elements
includes segmented electrodes.

The droplet generator according to claim 4, wherein
the segmented electrodes are interdigitated.

The droplet generator according to claim 4, wherein
at least one of the segmented electrodes extends
from an internal face of a piezo element to an external
face of a piezo element.

The droplet generator according to any preceding
claim, wherein the droplet generator further includes
a pre-load tube at least partially surrounding the plu-
rality of piezo elements.

The droplet generator according to any preceding
claim, wherein the droplet generator is configured to
provide a positive or negative potential difference to
the plurality of piezo elements.

The droplet generator according to any preceding
claim, wherein a gap is provided between adjacent
piezo elements, preferably in a direction of a longi-
tudinal axis of the conduit.

The droplet generator according to any preceding
claim, wherein the piezo elements are arranged such
that poling is alternated along the conduit.

The droplet generator according to any preceding
claim, wherein the molten target material is a liquid
metal, preferably tin.

An assembly for a lithography apparatus including
the droplet generator according to any preceding
claim.

A radiation source including a droplet generator or
assembly according to any of claims 11 or 12.

A lithography apparatus including the droplet gener-
ator, assembly, or radiation source according to any
preceding claim.

A method of generating a stream of molten target
material droplets, the method including providing a
conduit comprising an orifice configured to fluidly
couple to a reservoir and to emit molten target ma-
terial in a molten target material direction, said con-
duit being at least partially surrounded by a plurality
of piezo elements, flowing a liquid target material
through the conduit, and operating at least one of
the plurality of piezo elements in shear mode such
that shear motion of the piezo elements is in the mol-
ten target material direction to thereby generate a
stream of molten target material droplets.
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The Search Division considers that the present European patent application does not comply with the
requirements of unity of invention and relates to several inventions or groups of inventions, namely:

1. claims: 1-6, 8, 10, 15

A droplet generator and method of generating the droplets
comprising: a conduit comprising an orifice configured to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, wherein at least one of them is
configured to operate in shear mode such that its shear
motion is in the molten target material direction.

It adds that at least one of the piezo elements includes
segmented electrodes.

2. claim: 7

A droplet generator and method of generating the droplets
comprising: a conduit comprising an orifice configured to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, wherein at least one of them is
configured to operate in shear mode such that its shear
motion is in the molten target material direction.

It adds that the droplet generator further includes a
pre—load tube at least partially surrounding the plurality
of piezo elements.

3. claim: 9

A droplet generator and method of generating the droplets
comprising: a conduit comprising an orifice configured to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, wherein at least one of them is
configured to operate in shear mode such that its shear
motion is in the molten target material direction.

It adds that a gap is provided between adjacent piezo
elements.

4. claims: 11, 13

A droplet generator and method of generating the droplets
comprising: a conduit comprising an orifice configured to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, wherein at least one of them is
configured to operate in shear mode such that its shear
motion is in the molten target material direction.

It adds that the molten target material is a liquid metal.
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Application Number

The Search Division considers that the present European patent application does not comply with the
requirements of unity of invention and relates to several inventions or groups of inventions, namely:

5. claims: 12, 14

A droplet generator and method of generating the droplets
comprising: a conduit comprising an orifice configured to
emit molten target material in a molten target material
direction; a plurality of piezo elements at least partially
surrounding the conduit, wherein at least one of them is
configured to operate in shear mode such that its shear
motion is in the molten target material direction.

It adds a lithography apparatus.
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