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DROPLET 'GENERATOR STEERING SYSTEM

BACKGROUND
[0001] The present application claims priority to United -States Utility Patent
Application Serial Number 13/328,628 filed on December 1.6, 2011, entitled
"DROPLET GENERATOR STEERING SYSTEM/' "Attorney Docket No. 032573-

00011}, the -entire contents of which are hereby incorporated herein by reference.

FIELD

[0002] The present disclosure relates to. extreme ultraviolet (" EUV")light
sources that provide EUIV fight from plasma created by converting atarget material.

BACKGROUND
[0003] Extreme ultraviolet light, e.g., electromagnetic radiation having
wavelengths of around 50 ran or less (also- sometimes referred to as soft x-rays), and.
including light at a wavelength of about }3.5 nm, can be used in photolithography
processes to produce extremely small features in substrates'such assilicon wafers,
[B6434] Methods for generating EUY light include converting atarget material
from aliquid state into aplasma state. The target material preferably includes at least
one element, e.g., xenon, lithium ortin, with one or more emission lises in the EUV
range. | n one such method, often termed laser produced plasmz ("EPF") the required
plasma can be produced by irradiating atarget material having the required line-
emitting:element ‘with_alaser beam.
{0005] One LFP technique involves generating a stream of targetuaterial
droplets and irradiating at least some of the droplets with laser light pulses. In more
theoretical terms, LPP light sources generate EUV radiation by depositing laser -energy
into atarget material having.at least one EUV emitting €eleme nt, such as xenon (Xe), tin
(So) or lithium (Li), creating ahighly ionized plasma: with €lectron 'temperatures of
several 1{'s of eV,
{33 6] The energetic radiation generated during de-excitation andrecombination
of these ionsis emitted from theplasma in all directions. In one common arrangement, a
near-nonnal-incidence mirror (often termed a"collector mirror") is positioned to collect,
direct (and in some arrangements, focus) the light at an intermediate location, eg.., a.
fozal point. The collected light may then be relayed : frosiy the intermediate location to a

set of scanner optics and ultimately to a wafer.
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[0007] I n quantitative terms, one arrangement that is currently being developed
with the goal -of producing about 130 W at the intermediate location contemplates the
use of apulsed, focused 10-12 kW C{34 drive laser which.is synchronized with :a droplet
generator to sequentially irradiate about 10,000-200,000 tin droplets per second. For this
purpose, there is-aneed to produce a stable stream of -droplets & arelatively high
repetition rate (e.g., {43-200 kHz or ynore). There isaso aneed to deliver the droplets to
an irradiation site with high accuracy and good repeatability in terms of timing and
position over relatively long periods of time. To ensure positional accuracy and
repeatability, it is necessary-to provide a high precisian steering system that can release
droplets from arange of positiotis te:compensate for other systemic variations, for
example, in laser targeting and timing, in this context, the term "steer" includes the
concept of varying the-position of the release point in at least two dimensions, is, with
two angular degrees of freedom. It is also desirable to provide a steering system that is
high bandwidth and that-exhibits high stiffness with little or no hysteresis,
[0008] Design of a steering system meeting these criteria must also take into
account-that the droplet generator itself may be relatively massive, for example, on the
order of 30 kg. The steering system also preferably operates over a relatively large range
of angles, for example, with ax actuation range of at least -f/- 2 degrees. Also, design
considerations impose about a 1 micron requirement for position control of the droplets
at the plasnia location.. This imposes a.need-for micro-radian level precision for the
steering system,
[0009] With the above in mind, applicants disclose systems for steering a
droplet generator.

SUMMARY
[0010] The following presents asimplified summary of one or more
embodiments in order to provide a basic under standing of the-embodiments. This
sumszary isnot an extensive overview of al contemplated embodiments, and is not
intended to identify key or critical elements of all embodiments nor delineate the scope
of any or ail enbodiments. Itssole purpose is t present some concepts of ‘ong or more
embodiments in asimplified form as a prelude to the more detailed description that is
presented later.
[00% 1] In one -aspect, the invention is an apparatus including afirst member

adapted to be.coupled to aframe, 4 second member adapted to receive a droplet
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generator, arid a.coupling system mechanically coupling the first member to the second
member, wherein the-coupling system may include afirst coupling subsystem
configured - to constrain lateral movement between the firs member and the second
mmember, and asecond coupling subsystem adapted to control a1 inclination of the
second member with-respect to the first member. The first coupling subsystem may
include a plurality of first coupling subsystem elements mechanically coupling the first
‘member to.the second ‘member. Each of the first coupling subsystem elements may
include least one-#l exiire, which may bea string flexure. Inthe case of a first member
that is substantially ‘plate-shaped, -the string flexure may be oriented substantially
paralel tothe first member.

[0012] The second coupling subsystem may include-a pluraity of second
coupling subsystem elements mechanically coupling the first member to the second
member. Each of the second coupling subsystem elements may include- at least one first
flexure which may -be a cartwheel - flexure. Each of the second -coupling subsystem
elements may also include at least one second flexure coupled to the at least one first
flexure, The at least one second flexure-may be a# paraHelogran3.flexure, Each of the -
second coupling subsystem elements may .also include at least one linear motor :coupled
to the first member -and-to-the first flexure,

[0013] Each of the second. coupling subsystem elements may also include at
least one second flexure coupled to the at least one first flexure. Each of the second
coupling subsystem elements may also include at least piezoelectric element coupled to
the second member and to the at least one second flexure,

[0014] In another aspect, the invention isan apparatus including a plate-shaped
first member adapted to a coupled to aframe, a:;plate-shaped second member adapted to
receive adroplet generator; and a coupling system mechanically coupling the first
member to the second. member, wherein the coupling system may include afirst
coupling subsystem configured toconstrain lateral movement between the first.member
and the second member, the first coupling subsystem including aplurality of first:
coupling subsystem -elements, each of the first coupling -subsystem elements comprising
at least one flexure, and asecond coupling subsystem adapted to. control inclination ‘of
the second member with respect to the first member, the first.coupling  subsystem
including aplurality of first coupling ‘subsystem elements, each .of the first coupling

subsystem elements comprising -at a linear ‘combination of a stepper motor cougted to
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the first member, afirst flexure coupled to the stepper motor, a second flexure coupled
to the first flexure, ‘and a piezoelectyic actuator coupled to the second flexure and to the
second member.

[0015] Inyet another aspect, the invention isan apparatus including a.first
member adapted to a coupled to.aframe, asecond member adapted b receive adroplet
.generator; and & coupling system mechanically coupling the first- member to the second
member, wherein the coupling system may include at least one flexure.

[0016] In stilt another aspect, the invention isai apparatus +including a source
adapied to produce atarget of 3 materia in aliquid state and a laser adapted to irradiate
the target .to-.change a state of the materia from the liquid state to g plasma state to
produce EUV light in an irradiation region. The apparatus also includes:an optical
system adapted to convey the EUV light from the irradiation region to aworkpiece.
The-source includes atarget generator and atarget generator steering ‘system coupled to
the target generator, the target generator steering system including afirst member
adapted to be fixed relative ‘to the irradiation region, asecond member adapted to
receive the target generator and adapted to be movable with respect to the irradiation
region; and acoupling system mechanicaliy coupling the first member to the second
member, wherein the coupling system may include-a least one flexure.

(8017} Instill another ‘aspect, the invention .is a product made using an apparatus
including asource adapted to produce atarget of amaterial in aliquid state, a laser
adapted to irradiate the target to change astate of the material from the liquid state to a
plasma state to produce EUV light in an irradiatior region, and an optical system
adapted- {o-convey the- EUV light from the ifradiation -region to a workpiece. The sourcé
includes atarget generator and a‘target generator steering system' coupled to the target
generator, thetarget generator steering system including-a first member adapted to be
fixed relative to the irradiation region, a second member adapted to receive the target
generator and adapted to be movable with respect to the irradiation region; and a
coupling system mechanically -coupling the first member to the second member,

wherein the coupling system may include at least one flexure.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FfG. 1shows a.schematic, -not to scale, view of an overall broad
conception for a laser-prodoced plasma EOV light source system according b an aspect
of the preszat invention.

[0019] FIG. 2 shows a schematic, not to. scale, view of adroplet generator for
creating droplets:of a source materia

[0020] FIGS. 3A and.38 are conceptual diagrams of a-droplet generator and a
steering system for the droplet generator;

[002%] FIG, 4 isaconceptual diagram of an embodiment of a steering system
for-adroplet generator according to one aspect of the Invention.

[0022] FIG. 5is a perspective view of an -embodiment of a steering system for a
droplet generator :according to one aspect of the invention,

[0023| FIGS. 6A - 6C are front, top, and a:d isonetric views, respectively, of a
flexure element which could be used according to one embodiment of & steering system
for-a droplet generator according to one aspect of the invention.

§0024] FIGS. ?A and ?B are front and isometric views, respectively, of asecond
type- of T exure element which.could be used according to one embodiment of a steering
system for adroplet generator according to ong aspect of the invention,,

[0025] FIGS. 8A and 8B are front and isometric views, respectively, of athird
type- of -flexureelement which could. be used according to-one embodiment  of a steering
system for adroplet generator according to one aspect of the invention,

[0026] FIG, 9 is a perspective: view of an embodiment of a steering system for a
-droplet generator according © .one aspect of the invention shown in FIG. 5 with similar
components repeated and-one component -removed to:make:hidden.components more

visible.
DETAILED DESCRIPTION

[0027] Various embodiments are now described with reference to the drawings,
wherein {ike reference numerals are used to refer to like elements throughout, hi the
following description, for purposes of explanation, numerous specific details are set
forth in order to promote athorough understanding of one or more embodiments. |t siay

be evident in soste or all instances* however, that any embodiment described below can
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be practiced without adopting.the specific design details described below. iy other
instances, well-known structures-and devices are shown in block diagram form in order
to facilitate description of one or gtore embodiments;

[(028] With initial reference to FIG. 1 there is shown a schematic view -of ai
exemplary EUV light source, e.g., alaser produced plasma EUV light source 20
according to one aspect of anembodiment of the present-invention. As showz, the EUV
light source 20 ay include a pulsed or continuous laser source 22, which may for
example be apulsed gas discharge C(3; laser source producing radiation at 1{3.6 pin,
The pulsed gas discharge CO z laser source:may have DC or EF excitation operating at
high power and high pulse repetition rate. For example, a suitable C¢34 laser source
having a MO-PA 1-PA 2-FA3 configuration isdisclosed in U.S. Patent No. 7,439,530,
issued October 21, 2008, and entitled, LPP EUV LIGHT SOURCE DRIVE LASER
SYSTEM, the entire contents of which are hereby incorporated by reference hereir.
$8029] Depending o:.the application, .other types of lasers may also be suitable..
For example, a solid state laser, anexcimer ‘laser,-amolecular fluorine laser, a MM QPA
configured excimer laser system, e.g., as shown in U.S. Pat Nos §,625,191, 6.549,551,
aind 6.567,450, an excimer laser having a single chamber, an‘excimer laser having more
than two chambers, e.q., i oscillator chamber and two amplifying chambers: (with the
amplifying chambers in paralel or in series), amaster oscillator/power oscillator
(MOPO) arrangement, a power oscillator/power amplifier (POPA) arrangement, or &
solid state laser that ‘seeds orie or more: CO 3, excimer or molecular fluorine amplifier or
oscillator chambers, may ‘be suitable. Other designs are possible.

[0030] The EUV light source 20 also includes a target delivery system 24 for
delivering target material in the form of liquid droplets or a continuous liquid stream.
The target material may be made up of tin or atin compound, although other materias
could be used. The target delivery system 24 introduces the target material into the
interior of achamber 26 to an irradiation region 28 where the target material may be
irradiated to produce a plasma. in some cases, an electrical charge is placed-on thg-target
material to permit thetarget material to be steered toward or away from the irradiation
region 28. It should be noted that as used herein an irradiation region is aregion where
target material irradiation may occur, and is an irradiation region even at times when no

irradiation is actually occurring.
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{0031 Continuing with FIG. 1, the light source 20 may -also Include one of more
optical €lements such as acollector 30. The collector 30 may be anormal incidence
reflector, for example, a SiC substrate coated with a Mo/Si multilayer with additional
thin barrier layers deposited at each interface to effectively block thermally-induced
interlayer diffusion, inths form of aprolate elipsoid, with an aperture to allow the laser
light to pass through and reach the irradiation region. 28. The collector 3% may be, eg.,
in the shape of a ellipsoid that has afirst focus at the irradiation region 28 and a second
focus at aso-called intermediate point 40 (also called the intermediate focus 40) where
the EUV light may be output from the EUV light-source 20-and input to, €.g., an
integrated circuit lithography tool 50 which uses the light, for example, to process a
silicon wafer workpiece 52 in a know manner. The silicon wafer workpiece 52 is.then
additionally processed in aknown manner to-obtain an integrated circuit device.

[0032] The EUV light source 20 may also include an EUV lighi source
controller system 60, which may also include a laser firing control system 65, along
with, e.g., a laser beam positioning system (not shown). The EUV light source 20 may
also include a target position detection .system which may include ong or more droplet
imagers 70 that-generate an output indicative of the absolute or relative position of a
target droplet, e.g., relative to the irradiation region 28, and provide this output to a
target position detection feedback system 62. The target position detection feedback
system 62.may usethis output to compute atarget position and-trajectory, from which a
target error can be computed, The target error can.be computed #n a drop-let-by-droplet
basis, or on av&rage, or on some other basis. The-target error may then be provided asan
input to the light source controller 60. In response, the light source controller 60 can
generate a control signal such as a laser position, direction, or timing correction signal
and provide this-control “signa to alaser beam positioning controller (not shown). The
laser beam positioning system can use the control. signal to control the laser timing
circuit and/or to control alaser beam position aiid shaping system (not shown), e.g.. to
change the location and/or focal power of the laser beam focal spot within the chamber
26.

{0033] As shown in FIG. 1,the light source 20 may include atarget delivery
control system 90. The target delivery control system 90 is operable m response to &
signal for example, the target error described above, or some quantity derived from the

target error provided. by the system controller 60, to correct for errors in positions of the
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target droplets within the irradiation region 28, This may be accomplished, for example,
by repositioning thepoint at which the. target delivery mechanism 92 releases the target
droplets.

[0034] FIG, 2 shows in greater detail atarget delivery mechanism 92 for
delivering targets of source materiai having iito a chamber 26, The target delivery
system 92 is described in general termsherein because the features and advantages of
the invention .are independent of the specific details of implementation of the target
delivery system 92. For the generalized embodiment shown in FIG, 2, the target
delivery mechanism 92 may include acartridge 143 holding a:molten source materia
such astin. The molten source material may be placed under pressure by using aninert
gas such asargon. The pressure preferably forces the source material to pass.through a
set of filters 145, From the filters 145, the source material may pass through an
open/close thermal valve 147 to adispenser 148. For example a Peltier device may be
employed to establish the valve 147, freezing source. mater albetween the filters {45
and dispenser $48to close the valve 147 and heating the frozen source materia to open
the valve 147. FIG 2 aso shows that the target delivery system 92 is coupled to &
movable member 174 such that motion of the movable member 174 changes the-
position of the point at which droplets are released from the dispenser 148 ix a manner
that is described more thoroughly below.

{0035] For the mechanism 92, one or more modulating or non-modulating
source material . dispenser(s) 148 may be used, For example, 2 modulating: dispenser
may beused having a capillary tube formed with an orifice. The dispenser 148 may
include one or more electro-actuatable -elements, e.g. actuators made of a piezoelectric
mater al, which can be selectively “expanded of contracted to deform-the capillary tube
and modulate arelease of source material from the. dispenser 148. As used herein, the
tersny "electro-actuatabie element” and its cognates mean amaterial or structure which
undergoes a dimensional change when subjected to a voltage, electric field, magnetic
field, orcombiaations thereof and includes, but isnot limited to, piezoelectric materials,
electrosirietive materials, and magnetostsictive materials. A heater -nitay be:used to
maintain the--source material in amolten state while passing through the dispenser 148,
Examples of modulating droplet dispensers can ke found in U.S. Patent. No.7, £38,854,
from application Ser. No. §1/067,124 filed on Feb, 25, 2005, entitted METHOD AND
APPARATUS FOR EUV PLASMA SOURCE TARGET DELIVERY ,U.S. Patent No.
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7,589,337 “from application ‘Ser, No. 12/075,631 filed on march {2, 2008, entitled LPP
EUV PLASMA SOURCE MATERIAL TARGET DELIVERY SYSTEM, U.S, patent
application -Set. No. 1 1/358,983 filed on February 21, 2006, and entitled,. SOURCE
MATERIAL DISPENSER FOR EUV LIGHT SOURCE, the entire contents of each of
which are hereby incorporated by reference herein. An exasiple of non-modulating
droplet dispenser ‘can be found in co-pending :U.S. patent application Ser, No.

§ 1/358,988 filed on Feb. 21, 2006, and entitled, LASER PRODUCED PLASMA EUV
LIGHT SOURCE WIT}H PRE-PULSE, the entire contents of each of which are hereby
incorporated by reference herein.

{0036} As shown i FIGS. 3A and 3B, the target delivery mechanism 92 can be
mounted on a steering mechanism 170-capable of tilting the target delivery mechanism
92 in different directions to adjust the release point of the droplets and so.to reposition
the point at which the droplet generator releases droplets thus to control the path the
droplets-will take into the irradiation region 28. Although in the highly conceptual
representation of FIGS. 3A.and 3B thetilt isinthe plane of the figure, one of ordinary
skill inthe-art will readily- appreciate that the tilt may in fact be in any direction. The
present specification refers to this process as "steering” the droplet generator. In
applications where such steering.isdesirable, ‘it is clear that the droplet generator must
be moveable with respect to the other components and reference points it the system,
and. iy particular, the ifradiation region 28 and that a. mechanical coupling -system 1:02-
must be interposed between the droplet generator and the other components of the
system soasto allow for such movement.

{0637 Proper steering of the droplet generator (and, hence, of the droplets it
generates) requires a coupling system that is highly precise- and repeatable -ang which
exhibits alow amount of hysteresis. It isaso preferable that the coupling be very
responsive, i.e., have a high bandwidth. As mentioned, the coupling preferably meets
these requirements despite manipulating arelatively massive load, that -is, the droplet
generator 92, which can typically weigh onthe order of 30 kg.

[0038] According to the present embodiment, a coupling capable-of having
these attributes: is realized in. the-for m of adevice having a fixed member 172 fixedly
coupled to astationary element in the system such as a wail of chamber 26 and a
movable member 174 coupled to .the target delivery mechanism (droplet. generator) 92.

The fixed member 172 and the movable member 174 are in turn.coup-led by acoupling
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system 176. The coupling system 176 preferably includes a first coupling subsystem
178 thai reduces or eliminates- gny relative trandational (e.g. sliding) motion of the
movable member 174 relative to the fixed member 172 -aswell asrelative rotations of
the movable member 174 relative to the fixed member 172 around the. device axis, while
at the same time allowing the movable member 74 to tilt with respect to the fixed
member 172. Stated another way, taking athree-dimensional cartesian :coordinate
system with the X and y axes lying in the plane of a substantially planar plate-li ke fixed
member 172 and the z axis passing through therelease point of the target delivery
mechanism (droplet generator) 9.2. when the release point is in aneutral (zero tilt)
position as'shown .in FIG. 3A, the first coupling -subsystem restrains translation in the x
and y directions and rotation about the z axis.

[0039] {twill be understood by one of ordinary skill iz the art that the terms
"plate” and as used herein simply refer to a structural element to which -other elements
may be connected, such as abase or aframe, and is not limited to structural elements
that are necessarily flat oy substantially planar.

{8048 The coupling system 176 also preferably includes a second coupling
subsystem \80 that includes one or linear combinations -of coupling elements and motoz
elements coupling the fixed member {72 and the movable member {74 and providing a
force having a tendency to tilt the movable member 174 with respect to the-fixed
member 172. The motor elements may beany elemest that produces aforce, including
but not limited to linear motors, stepper motors, piezoelectric actuators, . or some
combination of these. As mentioned, the first coupling subsystem 178 and second
coupling subsystem {80 are configured to cooperate to permit relative tilting or
inclination of the fixed member 172 and the movable member 174. Because the-target
delivery mechamsm 92 is preferably rigidly coupled tothe movable member |74, tilting
the movable member 174 Withrespect to the fixed member %2 steers the target delivery
mechanism 92, tha is, alters the position of the droplet generator release point. Thisis
showsi in FIG. 3B.

[004.1] FIG. 4 is another conceptual representation ..of steering- systest according
to another aspect of the invention. Asdepicted there, the steering- system has a first
coupling subsystem 178 made up of coupling elements 178a, 178b, and {78c arranged
at corresponding locations around the respective peripheries - of fixed member 172 and.
the movable member 174. The first coupling subsystem 378 in the arrangement of FIG.
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4 has three coupling elements, but it will be apparent to one having ordinary skill in'the
art that other numbers of coupling elements - could be used. Also in the arrangement of
FIG. 4 the coupling elements 1 78a, 1¥8b, and 178c are positioned symmetricaly. In the
particular arrangement of FIG. 4 they are positioned with 120 degree rotational
symmetry about a central axis of the device (a line passing through the centers of the
two circular apertures which accommodate - the droplet generator.) it will he apparent to
one having ordinary skill in theart thatif a symmetric arrangement isused, other
symmetries could be followed.

[0042] Also-in FIG, 4, the steering system has a'second coupling subsystem : 1so
made up of coupling elements i 80a, 180b, and 180¢-arranged -at corresponding locations
around the respective peripheries of fixed member |72 and.the movable member 174,
The second coupling subsystem 1si¥in the arrangement of FiG..4 has three: coupling
elements, but it will be apparent to one having ordinary “skill inthe art that other
numbers-of coupling elements could be used. Also inthe arrangement of FIG, 4 the
coupling elements. 180a, 180b, and i 8Cc ar¢ positioned symmetrically. In the particular
arrangement of FIG. 4 they are positioned with 120'degree relational symmetry about -a
central axis of the device (aline passing through the centers of the two Circular
apertures.) It will be apparent to one having ordinary “skill in the art that if a symmetric
arrangement is used, other symmetries could be followed, inthe arrangement of FIG. 4
thepositions of the coupling elements of the second coupling subsystem 18} alternate
with the coupling elements of the first .coupling subsystem {78 around the periphery of
the fixed member 1.72 and the movable member 174.

[0043] As. mentioned, the coupling system 176, which ‘includes the first coupling
subsystem 178 and the second coupiing subsystem 180, serves at least two functions.
One function is to restrain certain types of relative movements between the fixed
member 172 and the movable member 74, such asasdliding oriransiationa movement,
while at the same time permitting a'tilting motion. - Another function ‘isto cause atilting
motion between the two plates. One advantage of the present invention is that these two
functions can be carried out by two separate . subsystems. For example, the first coupling
subsystem 7% can perform the function of permitting tilting while restraining other
kinds of motions. The second coupling subsystem &0 can perform the function of
inducing atilting motion. This permits each-of the two subsystems-to be designed in

such-a way asto optimize its performance . of itsrespective function without the need to
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address constraints that would otherwise be Imposed by having-the same coupling
subsystem perform both functions.

[0044] According to another aspect of the present invention, the first and second
coupling subsystems employ flexures as coupling elements. One of ordinary skill in the
art will ‘appreciate that sorre connectors used to mechanically couple one structural
element b another userigid parts that mechanically mate with one another. Hinges,
sliders. universal joints, .and bail-and-soeket joints are examples of this type of rigid
connector or coupling. ‘Such connectors permit avariety of kinematic degrees of.
freedom between the parts they connect. They suffer from the disadvantage, however,
that the clearance between mating parts of these rigidjoints can introduce positional
error caused by backlash, that ‘is, motion lost to clearance when a.driving direction is
reversed -and contact between mating .surfaces must be reestablished before retative
motion continues. Further, operation of these-connectors necessarily involves relative
motion of their parts causing friction that leads to wear and undesirably increased
clearances, A kinematic chain of such connectors results is: an.aggregation of individual
errors from backlash and wear, resulting in limited accuracy and repeatability,.

[0045] For some applications, the problems associated with rigid connectors can
be avoided or overcome by the use-of so-called flexures. Flexures are also known as by
avariety-of names including flexiblejoints, flexible couplings, flexure pivots, i ex
connectors, livingjoints, and compliant joints. Unlike the rigid couplings described
above, flexiblejoints generally are not comprised of rigid elements having a clearance
between them, Rather flexures utilize the inherent compliance of a material under
deformation. Flexures thus eliminate friction, backlash, and wear. This permits excellent
accuracy and repeatability. In addition, making the flexure from.a unitary monolithic
material can simplify production and facilitate: low-cost fabrication.

[0046] In-one aspect, the present invention provides a high bandwidth, high-
precision, high-stiffness, hysteresis-free steering: system for an EUV droplet generator
through the use of flexures that are flexible enough t> provide the required range of
motion yet strong enough to be compatible with the preload forces required to achieve
the needed stiffness. At the same time, it permits fabrication of asteering system that is
not so massive as to reduce system resonance-frequencies which would be undesirable

in the context of steering the droplet generator.
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[0047] In another aspect, the invention ‘usestwo of mote coupling subsystems
each of which uses flexures to remove unwanted degrees of freedom while providing
the required stiffness (or, equivalent!}’, asufficiently high mechanical resonance
frequency). ’

[0048] According tothis aspect of the invention, the first coup! ing subsystem
178 includes -two or muore, and preferably three, coupling elements, each of which
includes afirst flexure element 1%0. In the embodiment shown in FIG. 5, the first
flexure element 190 isa "string flexure,” FIG. 5 shows only :one first coupling
subsystem element 178a for purposes of clear presentation but one of ordinary skill in
the art will readily appreciate that additional first coupling subsystem elements may be
present as suggested by FIG. 4. In systems where the fixed member 172 and the
movable -member |74 are configured as substantially parallel plates, the first flexure
element: 140 is oriented approximately parallel to the stationary plate and the movable
plate. This isshows in FIG. 5, where the first coupling -subsystem }78is made up of a
first: flexure element 1%0 one end of which is coupled toatriangular stsist:member 1%2.
The triangular strut member 192 is fixed to the movable member 174. The other end. of
the first flexure element 1.90 is connected to a bracket 194.which isinturn attached to
the fixed member 172, Inaddition, .the end of the first flexure: element 140 attached b
the triangular strut member 192 isalso attached to a bracket 196 which is inturn
attached to the fixed member 72. The first flexure element {90 is attached to the
bracket 196 through -ajoint arrangement 198 which alows for two degrees of freedom
and through a spring 200 that pre-loads the first flexure element. 0. The first coupling
subsystem 178 provides astiff connection between the fixed member {72 andthe
movable member §74 by limiting or even substantially eliminating trandlation, _i.e.,
paradlel dliding of the two plates with respect to each other, aswell asrotations in the
piane parallel to the plates. At the same time, the first coupling subsystem 178 alows
for relative tilt of the plates with respect to each other,

[0049] The second coupling subsystem 180 is preferably made up of two or
more series combinations of flexures and: one or more:sstotive devices. Here and
elsewhere 1in this specification the term "series combination" isintended to refer to a
linear configuration -in which the elements are arranged in an ordered series, each to the
next, so that their overall effect isessentially additive. Also, the term "motive device" is

intended to refer to any device-capable of generating a motive: force and includes
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without- limitation linear ‘motors, linear actuators, stepping motors., and piezoelectric
elements.

{0050 In-aparticular configuration each coupling -elemeit of the second
coupling subsystem 1SOincludes a linear ciisibinations of elements. Again, FIG. 5
shows only one second coupling subsystem element . 80a for purposes of clear
presentation but' one of ordinary skill in.the art will readily appreciate -that additional
second coupling subsystem elements may be present -as suggested by FIG. 4. As shown
in FIG. 5the second coupling -subsystem element 1&0amay include alinear motor 2.02,
asecond .flexure element 204, athud flexure element 206, and.a piezoelectric actuator
208 (atop the:second flexure element 206;- occluded by movable member .174 in FIG.- 5
but visible in FIG. 1), This is one possible configuration . It will be readily - appreciated
by orie of ordinary “skill inthe art that other -elements could bg tisg¢d:or that the same or
other -elements .could be used in a-different order. In the configuration shown in FIG. 5,
the linear ‘motor 202 is-rigidly coupled to the fixed member 172 and the piezoelectric
actuator 208 is rigidly coupled to thg movable member 174 to provide for coarse’and
fire-motion, respectively, The linear sizotor- 202 is mechanically connected -to the
piezoelectric actuator 208 through the second and third flexure elements 204, 206. in a
particular embodiment, the second .flexure element 204 may be a so-called "cartwheel”
flexure as shown and described more fully ".below. The third flexure element 206 may be
a"double” or "paralelogram” flexure as shown and described more fully “below.

[0051] The second coupling subsystem 180 allows- control of x and y rotation
and ztranslation of the movable member 174 relative to the fixed member 172. The
second flexure element 204 allows: some: lateral relative movettient of the-movable-
member 174 relative to the fixed member 172, such that the motion .can be pivoting
about afixed point inspace which isnear thg-axis of the device but below the fixed
member 172 (i.e. towards the release point of droplet generator).  At.the same tirhe the
second flexure element 204 provides stiffness against translations along the lofig (z) axis
of the droplet generator -and alow for small misalignments between- the linear -motor 202
and the movable member 17%4.

[0052] The third flexure -element 206 allows the-piezoelectric actuator - 208 tiz
exert ‘aforce on the movable: member 174 without applying any laterd moment to the
piezoelectric actuator 208. This is preferred for. piezoelectric - transducers . because -of

their relative briitlaness.
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X0053} It 'wili be appreciated that the specific materials, dimensions, and forms
of the first flexure element 190 and the second flexure element 204, and the third
flexure element 204 ar2 preferably -chosen for the three types of flexures so that the
desired .range -of motion can be achieved while meeting .stiffness and fatigue stress
reguirements.

[0054] For example, when a siring flexure isused asthe first flexure element
190 h may he configured as shown in. FIGS. 6A, 6B, and 6C,. As.can he seen, the first
flexure element of these figures has two narrosved portions to permit flexing side-to-side
or up-and-down. The overall dimensions of the first flexure element 190 will vary-
according to the specific application. One of a number of mater ias could fe used to
make the first flexure element 1.90, As one example, the first flexure element 120 could
be made of heat treated stainless steel.

[0055] As an additional example, when a-cartwheel flexure is used as the second
flexure element 204 it may be configured ‘as shown in FIGS,. ?A and 78 .Ascan be
seen, the second flexure element 204 of these figures has two flexible leaves
intersecting - at tieir mid points. The example in FIGS. 7A.and 7B shows a second
flexure element 204- made up of three sections, .each of which comprises a cartwheel
ilexisre, but one of ordinary skili inthe art will readily appreciate thai one, two, or some
other number of sections can be used. The overall dimensions of the second flexure
element 204 will vary according to. the specific application.- One of anumber of
materials could ‘be used to f11ake the second flexure element 204. As one example, ths
second flexure element 204 could be made of stainless steel.

{0056] Asathird example, when-a parallelogram flexure isused asthe third
flexure element 236 it may be configured -as shown in FIGS. 84 and 88B. Ascait be
seen, the third flexure element 206 of these figures is generally box shaped with a.lower
portion of the box serving as aplatform and the Upper part of the box serving asa
carrtilevered beam, The platform -and beam are integral with: one another ‘and also
interact through a series of internal ridges and gaps which permit.the casitilevered beans
toilex in adirection  corresponding to up and down in.the figure. The example in F.fGS
8A and 8B shows -aparticular configuration for third flexure -element 208 but one of
ordinary skill in the art will readily appreciate other flexure configurations can bg used.
The overall dimensions of the third flexure element 206 will-vary according to the

specific application. One of a number -of materials could be used to titake the third
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flexure element 206. A s one example, the third flexure element 206 ¢ouid be made of
heat treated stainless steel

[0057] FIG. 9 shows a3 embodiment of adroplet generator according to the
invention where the first coupling subsystem 178§ is depicted as including coupling
elements 178a, 178b, and 1 78¢ arranged -a corresponding. locations around the

respect .ive periphery -of fixed member 172 (the movable ‘member 174 being omitted
from the drawing to make the .piezoelectric- actuator 208 mere visible. The first coupling
subsystem 178 in the arrangement of FIG. 9 has three coupling elements, but it will be
apparent to-one having ordinary skill .in the:art that other numbers of coupling elements
could beused. Aiso inthe arrangement of FIG..9 the coupling elements 178a, 178b, and
178c are-positioned symmetrically. Inthe particular arrangement of FIG, 9 they are
positioned with 12& degree rotational symmetry about a central axis of the device (aline
passing through the centers of the two circular “apertures which accommodate the
droplet generator.) It will be apparent to one having -ordinary skill in‘the art that if a
symmetric . arrangement ‘isused, -other symmetries could be followed. . Also, each-
coupling element isdepicted as including afirst flexure element 19§} connected as
described in connection with FIG. 5.

[305%] The embodiment depicted .in FIG. 9 aso includes shows as embodiment
of adroplet generator according to the invention that includes a-second coupling
subsystem 1'so made up of coupling elements 18fia, 1§0b, and 18 arranged -at
corresponding locations around .the.respective periphery of fixed member :.172. The
second coupling subsystem 180 in the arrangement of FIG, 9 has three coupling
elements, but it will be apparent to one having ordinary skill inthe art that other
numbers of coupling elements could be used. Also in the.-arrangement of FIG. 9the
coupling . elements {80a,. i 80b, and .}40¢c are positioned-symmetrically. I the particular
arrangement .of F{G. % they are positioned with 120 degree rotational symmetry about a
central axis of the device (a line passing -through the centers of the:two circular
apertures.) It will be apparent to one-having ordinary 'skill inthe art that if a.symmetric
arrangement “is used, other symmetries could be followed. In the arrangement of FIG, 9
the positions of the coupling elements of the second coupling subsystem 180 alternate
with the coupling elements of the first coupling subsystem 178 around the periphery - of

the. fixed member 172. Also, each coupling element isdepicted asincluding a linear
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motor, second flexure element, third flexure element, and piezoelectric actuator 208
connected as.described iz connection with FIG, 5.

{0059] What has been described above includes examples of one or more
embodiments. It is, of course, not possible to describe every conceivable combination -of
components or methodologies for purposes of describing the aforeinenlioned
embodiments, but- one of ordinary skill in the art may recognize that many further
combinations and permutations of various-embodiments are-possible, Accordingly, the
described embodiments are intended to embrace al such alterations, modifications and
variations that faii within the spirit and scope of the appended claims. Furthermore, to
the extent that the term "includes" is used is either the detailed description or the claims,
such term is intended to be inclusive in a manner similar to the term. "comprising” as
"comprising” is construed when employed as atransitional word ina claim.
Furthermore, although elements of the described aspects and/or embodiments may be
described .or claimed ix the singular, the plural is contemplated unless.limitation to the
singular is explicitly stated. Additionally, all or aportion of any aspect and/or
embodiment may be utilized with all or.aportion of -any-othex-aspect and/or

embodiment, unless stated otherwise.
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CLAIMS
What is.claimed is;

1. Apparatus comprising:
afirst-member adapted to be -coupled.to aframe;
& second member adapted to receive a droplet generator: and.

a coupling system mechanically coupling the f rst-member to the second member,
wherein the coupling system comprises a first coupling subsystem configured to
constrain.lateral movement between the first member and the second -member,and a
second coupling -subsystem- adapted to control aninclination of the second member

with respect to the-first member.

2. Apparatus as claimed in claim 1wherein the first coupling subsystem comprises a
plurality of first coupling subsystem elements mechanically coupling said first member

to said second member.

3. Apparatusas claimed iz claim 2 wherein each of ‘said first coupling subsystem

elements comprises least onie flexure.

4. Apparatus asclaimed iz claim 1 wherein said first member is substantially plate
shaped.

5. Apparatus as claimed in claim -1 wherein said first member is substantially plate-
shaped, and wherein said second member is substantially plate shaped and substantially

parallel {o said first member,

&. Apparatus as claimed in claim t wherein the second coupling subsystem comprises a
plurality of second coxfpling.subsystem elements mechanically coupling said first

member to said second member.

7. Apparatusas claimed in claim .6 wherein each of said second ‘coupling- subsystem

elements -comprisesat least onefirst flexure.

8. Apparatus as- claimed in clain 7 wherein said at least one first flexure is a cartwhesl

flexure.

9. Apparatus as claimed iz claim 7 wherein each of said second coupling subsystem

elements comprises at |east one second flexure coupled to said at least one T rs flexure.
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10. Apparatus asclaimed laclaitn 9 wherein said at least one second flexure isa

paralelogram flexure.

11. Apparatus asclaimed in.clam 7wherein each of second coupling subsystem
element? comprises at least ong linear motor coupled to said first member and to said

first flexure,

.12. Apparatus asclaimed in clam . wherein each of said second:coupling subsystem

-elements comprises at least-one second flexure coupled to said at leag one first flexure.

13. Apparatus as claimed in claim {2 wherein ¢ach of second coupling subsystem
elements comprises at least piezoelectric element coupled to said secorrd member and

te said at least one secoiid flexure,

14. Apparatus .comprising:

aplate-shaped first member adapted to a coupled to aframe;

a plate-shaped second member adapted to receive a droplet generator; and

a coupling system mechanically coupling the first member to the second member,

wherein the coupling system comprises

af{irst coupling subsystem configured to constrain lateral movement between
the first member and the second member, said first coupling subsystem ‘including a
plurality of first coupling subsystem elements, each of said first coupling subsystem

elements comprising at'least one flexure, and

a second coupling subsystem adapted to control: inclination of the second
member with respect to'the first-member, said first coupling subsystem including-a
plurality of first coupling subsystem elements, each of said first coupling subsystem
elements comprising-at alinear combination of a stepper motor..coupled to said first
member, afirst flexure coupled to .said stepper motor, a second flexure coupled. to said
first flexure, a::d a piezoelectric actuator coupled to said second flexure and to said

second member.
5. Apparatus comprising;
afirst member adapted b acoupled to aframe;

a'second member adapted to receive adroplet generator; and
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acoupling -system mechanically coupling the first member to the second member,

wherein the coupling system comprises at least one flexure.
16. Apparatus comprising:
a sour ce adapted to produce atarget -of amaterial inaliquid state;

a laser adapted to irradiate said target to change a state of the -material from said liquid
state to aplasma state to produce EUV light in anirradiation region;

an optical system adapted to convey said ELIV light from said irradiation region to a

workpiece;
said source-comprising..
atarget generator and

atarget generator steering system coupled to the target generator, the target
generator steering system including. a first member adapted to be fixed relative to said
irradiation region,- a second member adapted to receive. the target .generator and adapted

to be movable with respect to said irradiation region; and

acoupling-system mechanically coupling the first member to the second

member, wherein the coupling system comprises at least one flexure.
i7. A product made using an apparatus comprising:
a source adapted to produce’ atarget of amaterial in.aliquid state;

a laser adapted to irradiate said target to change:a state of the material from said liquid
state to a plasma state to produce EUY light in. an irradiation region;

ars optical system adapted to convey said EUV light fron: said irradiation region to a
workpiece;

said source comprising

atarget generator and

atarget generator steering system coupled to the target generator, the target
generator steering system including-afirst member adapted to be fixed relative to said
irradiation region, a second member adapted to receive the target generator and adapted

ta be movable with respect to said.irradiation region; and



WO 2013/089991 PCT/US2012/066121

a coupling system mechanically coupling the first member to. the second

member, wherein the coupling system comprises at least one ilexure.
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