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REDUCING AN OPTICAL POWER OF A REFLECTED LIGHT BEAM

CROSS REFERENCE TO RELATED APPLICATION
This application is related to L1.S. Application No. 15/402,134, filed on January 9, 2017,

which is incorporated herein by reference in s entirety.

TECHNICAL FIELD
This disclosure relates to reducing an optical power of a reflected hight beam in an
extreme ultraviolet light source.
BACKGROUND

For

Extreme uliraviolet ("EUV™) light, for example, electromagnetic radiation having
wavelengths of around 30 nm or less (also sometinmes referred to as soft x-rays), and including
light at a wavelength of about 13 nm, may be used in photolithography processes to produce
extrernely small features in substrates, for example, silicon wafers.

Methods to produce EUV Lght inchude, but are not necessarily limited to, converting a
material that has an element, for example, xenon, lithium, or tin, with an emission line in the
EUV range in a plasma state. In one such method, often termed laser produced plasnma (“LPP7),
the required plasma may be produced by irradiating & target matenial, for example, in the form of
a droplet, plate, tape, stream, or cluster of material, with an amplified light beam that may be
referred to as a drive laser. For this process, the plasma s typically produced m a sealed vessel,

for example, a vacaum chamber, and monitoved using varions types of melrology eguipment.

In one general aspect, a system for an extreme ultraviolet (EUV) light source includes a
light-generation system configoared to emit one or more light beams onto a beam path: one or
more optical amplifiers, each of the one or more amplifiers including a gain mediam on the beam
path, each gain medium being configured to amphify the one or more light beams to produce one
or more amplified hght beats; and one or more diffractive optical elements on the beam path,
where each of the one or more diffractive optical elements has g phurality of focal lengths, and
each focal length of the diffractive optical element s associated with g particular polarization

Siate.
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Implementations may include one or more of the following features. The plarality of
focal lengths of a diffractive optical element may include at feast a first focal length and a second
focal length, the first focal length may be associated with a first polarization state, the second
focal length may be associated with a second polarization state and the second polarization state
may be orthogonal to the first polarization state, and cach of the one or more diffractive optical
elements may focus hight of the first polarization state based on the first focal length and light of
the second polarization state based on the second focal length.

The plurality of focal tengths may melude at least a first focal length and a second focal
length, and the first focal length may be a positive focal length and the second focal length may
be a negative focal length such that, after interacting with one of the one or more diffractive
optical elements, light of at least one of the polarization states converges, and Hght of at least one
of the polarnization states diverges.

The ditfractive optical element may include a substrate and a sttwcture, the structure
including a plurality of physical features, The structure may be formed in the subsirate, and the
phvsical features of the structure may include a plurality of grooves formed in the subsirate. The
structure may be formed at a surface of the substeate, the physical features of the strocture may
inctode a plurality of grooves formed at the surface of the substrate. Each of the one or more
light beams emitted by the light-generation system may have & wavelength, and the physical
features may be separated from each other by a distance that 1s smaller than the wavelength of at
least one of the one or more lHght beams,

The physical features of the stroctire may be arvanged as a quasi-periodic stracture, and,
i some iplementations, the physical features of the quasi-periodic structare include at least one
pair of grooves that are separated from each other by a distance that is different from the distance
between another pair of grooves. The substrate may include a diffractive lens formed from N-
phase fevels, N being an integer number equal or greater than two, the physical features of the
structure may inclode a plurality of grooves form groups of grooves, with one group of grooves
being formed at each of the N-phase levels, and the grooves at one of the N-phase levels may be
ortented n a direction that is different thao a direction of orientation of the grooves formed at
least at one other of the N-phase levels, The substrate may include one or more of diamond, zine

selemide {ZnSe), galliwm arsenide (GaAs), and germaniom (Ge}.
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In some implementations, each of the one or more optical amplifiers includes an input
window and an output window on the beam path, the gain medivm of the optical amplifier being
between the input window and the owtput window, and at least one input window of any of the
optical amplifiers or at least one output window of any of the optical anuplifiers is one of the one
or more diffractive optical elements.

The system for the EUV hight source also may include au optical system including one or
more optical elements on the beam path, cach of the optical elements configured to interact with
the one or more amphified hght beams to focus the one or more amplified light beans, the optical
system further ncluding at least one of the one or more diffractive optical elements.

In another general aspect, a method for reducing an optical power of a reflected light
beamn i an extrems ultraviolet (EUV) hight source includes emitting a light bean: onto g beam
path, the light beam bhaving a first polarization state and propagating on the beam path in a first
direction; modifving a wavefront of the light beam by passing the light beam through a
diffractive optical element, the diffractive optical element having a first focal length for hght
baving the first polarization state and a second focal length for light having a second polarization
state; and modifying a wavelront of a reflection of the light beam by passing the reflection
through the diffractive optical element, the diffractive optical element modifying the wavetront
of the light beam and the wavetront of the reflection of the light beam differently.

Implementations may mclude one or more of the following features. Modifying the
wavefront of the lipht beam by passing the Hglt beam through the diffractive optical element
may include converging the hight beam toward a first focal point assoctated with the first focal

length, and modifving the wavefront of the reflection of the light beam by passing the reflection

In some implementations, the method also includes passing the light beam through an
optical element, the optical element having an open region with an extent that 1s larger than an
extent of the hight beam in a plane perpendicudar to a direction of propagation of the light beam,
where diverging the reflection of the lght beam includes diverging the light beam such that,
when the diverged reflected light beam reaches the optical element, the extent of the reflected

Light beam is greater than the extent of the open region of the aperture,
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The light beam and the reflection of the Hight beam may propagate on the beam path in
different directions, and the light beam and the reflection of the light beamn may have the first
polarization state when incident on the diffractive optical element.

The first polarization state and the second polarization states may be circular polarization
states that are orthogonal to each other.

In another general aspect, an extreme ultraviolet Kght source includes an optical drive
system, the optical drive system including a hight generation system, one or more optical
amplifiers, and a diffiactive optical element incledimg a substyate and grooves formed in the
substrate, the diffractive optical element having a plurality of distinct focal lengths, each of the
distinet focal lengths being associated with light of a particular polarization state; and a vacuum
chamber mcluding an interior region configured to receive a target material and an amplified
light beam from the optical dryve system at a target region, where the diffractive optical element
is positionad between the light generation module and the target region

Implementations may include one or more of the following features. The light generation
system may include: one or more optical pre-amplifiers, one or more sowrces of light, and a
polarization-based optical isolator, where the diffractive optical element is positioned between
the one or more sowrces of light and the polarization-based optical isolator.

The optical drive system may include more than one optical amplifier, and the diffractive
optical element may be between the target location and the optical amplifier that 1s closest to the
target location.

fn some implementations, the extreme pltraviolet lght source focther inclades a focus
assembly between the optical amplifier that 15 closest to the target location and the target
location, the focus assembly inclading one or more optical elements configured to focus light
toward the target location, where the diffractive optical element is part of the focus assembly.

Implementations of any of the technigues described above may mclude an EUV Light
source, a system, a method, a process, a device, or an apparatus. The details of one or more
implementations are set forth in the accompanying drawings and the description below. Other

features will be apparent from the descaption and drawings, and from the claims.
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DRAWING DESCRIPTION

FIG. 1 is a block diagram of an exemplary EUV photohithography system.

FIGS. 2A-2D are side block diagrams of an exemplary diffractive optical element.

FIG. 3A is a side view of another exemplary diffractive optical element.

FIG. 38 is a front view of the diffractive optical element of FIG. 3A.

FIG. 4A and 4B illustrate phase profile information for an exemplary diffractive optical
element.

FIGS. 4C and 4D are side block diaprams of a tvpical refractive lens.

FIGS. 4E-4H are side block diagrams of another exemplary diffractive optical element.

FIGS. 5A and 6 are block diagrams of exemplary EUV Light sources.

FIG. 5B 15 a block diagram of an exemplary polarization-dependent optical isolation
system that may be used in the EUV light source of FIG. SA.

FIG. 7 15 a block diagram of an exemplary EUV optical drive system.

FIG. 8A is a flow chart of an exemplary process for reducing optical power of a
reflection tn an EUV light source.

FIG. 3B is a block diagram of a portion of an exemplary EUV optical drive system.

FIGS. 9A and 9B are block diagrams of an exemplary EUV light source.

DETAILED DESCRIPTION

Referring 1o FIG. 1, a block diagram of an exemplary optical lithography system 100 4s
shown, The optical system 100 includes an extreme nliraviolet (EUV) Hght source 101 that
generates EUV light 196 for use in a photolithography tool 193, The light source 104 includes
an optical drive system 102, which includes a light-generation system 104 and a polarization-
dependent optical 1solation system 130, The light-generation system 104 is a source of hight (for
example, one or more lasers, lamps, or any combination of such elements). The optical drive
systern 102 emits a light beam 110 that propagates along a path 112 toward a target region 115,
The target region 113 recerves atarget 118, which mcludes a tavget matertal that enaits EUV light
when i a plasma state, and the light beam 110, An interaction between the target matenal and

the light beam 110 produces a plasma 198 that emits the EUV light 196,
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In addition to the lght beam 110, a reflection 113 may propagate on the path 112, The
reflection 113 propagates in a different divection than the light beam 110, For exanple, the light
beam 110 and the reflection 113 may propagate on the path 112 i opposite directions. The
reflection 113 may arise from an mteraction of the light beam 110 with the target material andior
the plasma 198 that emits the EUV light 196, All or a portion of the reflection 113 may arise
from interactions between the light beam 110 and obyects other thau the target 118 on the path
112, such as an optical element (for example, a lens) or device (for example, a spatial filter).
Regardless of the source of the reflection 113, itis desirable to reduce the optical power (the
energy per unit time) of the reflection 113 because doing so may lead to greater stability of the
light source 101 by preventing or reducing self-lasing and also may increase the amount of EUV
light that the hight source 101 15 capable of producing. The polarization-dependent optical
isolation system 130 reduces the optical power of the reflection 113

The polarization-dependent optical isolation system 130 includes a diffractive optical
element that changes the propagation of light based on the polarization state of the hight and the
direction of propagation of light. For example, the diffractive optical element may change the
propagation of the light by focusing the light in a manner that depends on the polarization state
of the light. Polarization is a parameter that describes the direction of oscillation of the electric
field of a light beam. A type of polanization and a direction of polarization define a polanization
state. The type of polarization may be linear, circular, elliptical, or random, or the light beam
may be unpolanized. A light beam that s lincarly polarized has an electric field that oscillates in
a single plane that is constant over time, with the polarization state indicating the plane of
oscillation. For linearly polatized light, a polarization state in which the electric field oscillates
in a first plane 1s orthogonal to a polarization state in which the electnic field oscillates ma
second plane that is orthogonal (for example, perpendicular) to the first plane. Linear polanzed
tight that has an electric field polarized paraliel to a plane of incidence may be referred to as P-
polarized hight, and S-polarized Hight i3 hinearly polarized light that has an electric field
perpendicular to the plane of ncidence. Circalarly polarized light has an electric field that
describes a helix along the direction of propagation. Cireularly polarized hght may have
different, orthogonal states. For example, circularly polanzed bight may be right-handed

polarized light, in which the electnic field rotates clockwise (as viewed from a point that receives
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the tight}, or left-hand polarized hight, in which the electric field rotates counterclockwise (as
viewed from g pomnt that recetves the light).

The polarization-dependent optical isolation system 138 includes an optical element that
has more than one focal length, with each focal length being associated with a different
polarization state. For example, the polanization-dependent optical isolation system 130 may be
positioned within the optical drive system 102 such that the diffractive optical element converges
the hight beam 110 and diverges the reflection 113, By diverging the reflection 113, the
polarization-dependent optical isolation systern 130 increases the area over which the reflection
113 is spread. Thus, even if a portion of the reflection 113 remains on the path 112, the
polarization-dependent optical isolation system 130 reduces the amount of optical power of the
reflection 113 on the path 112,

The polanzation-dependent optical isolation system 130 may be used alone or with other
optical isolation mechanmisms (for example, as discussed with respect to FIGS. 3A and 5B).
Other optical isolation mechantsms include, for example, thin-film polanizers (TFP) andior
Brewster plates that block or trapsmit the reflection 113 based on polarization, and active optical
isolation mechanisis, such as acousto-optic modulators (AOMs), that deflect the reflection 113
and the light beam 110 in different directions. However, these other optical isolation
mechanisms do not change the propagation of the reflection 113 by converging or diverging the
reflection 113 like the polarization-dependent optical isolation system 130, Moreover, other
optical isolation mechanisms based on pelarization {for example, TFP andfor Brewster plates)
are typically intended to recetve linearly polarized light, whereas the polarization-dependent
optical isolation system 130 may receive and act on circularly polarized Hght directly without
first converting the circularly polarized hight to linearly polarized light, and this may allow the
polarization-dependent optical isolation system 130 {0 be used in locations within the optical
drive system 102 where other isolators are unable to be used. Further, in various
mmplementations, the polarization-dependent optical isolation system 130 may include only
passive components and may lack the driving electronics and control circuntry typically used
with an AOM. Thus, the polanization-dependent optical isolation system 130 may requne fewer
components and may be simpler to implement and operate.

In some implementations, the polarization-dependent optical 1solation system 130 15 used

with one or more aptical isolation mechanisms that do not change the propagation of incident
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Hight based on polarization, such as the other mechanisms noted above. Because the operation of
the polarization-dependent optical isolation system 130 15 based on a different principle than the
other optical 1solation mechanisms, the system 130 may complement and improve the
performance of the other mechanisms and may further reduce reflections in the optical drive
system 102,

Referring to FIGS. 2A and 2B, a block diagram of an exemplary polarization-dependent
optical isolation system 230 is shown. The polarization-dependent optical isolation system 230
may be used in the optical drive system 102 (FIG. 1). The polanzatton-dependent optical
isolation system 230 includes a diffractive optical element 232, which interacts with incident
light depending on the polanzation of the incident hight.

In the example of FIG. 2A, the diffractive optical element 232 interacts with light 233A,
which has a first polarization state and propagates i the z divection. FIG. 2B shows the
diffractive optical element 232 mnteracting with light 2338, which also propagates in the z
direction but has a second polanization state that is different from the first polarization state. The
diffractive optical element 232 has a focal length 234A for light of the first polarization state and
a focal length 234B for light of the second polarization state. In the example of FIGS. 2A and
2B, the focal length 234A is a positive focal length, meaning that madent hight 2334 {which bas
the first polarization state} converges to a focal point 235A after interacting with the diffractive
optical element 232, The focal length 2348 13 a negative focal length, meaning that incident
light 2338 (which has the second polanization stase} diverges after interacting with the diffractive
optical element 232,

In the example of FIGS. 2A and 2B, the first and second polartzation states are different
polarization states, and may be orthogonal polarization states. For example, the light 233A may
be right-hand circularty polarized light and the hght 233B may be left-hand cicularly polarized
fight {or vice versa). In another example, the Hght 233A may be a fivst Hnearly polarized state,
and the hight 2338 may be a second hinearly polarized state that 15 different from the first linearly
polarized state. The diffractive optical element 232 may treat Inearly polarized light as a
combination of right-hand circularly polarized light and left-hand cirenlarly polarized Light,
resulting in a convergence and divergence of the light.

232 interacts with incident Hight also may depend on the divection of propagation of the incident
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Hight. FIG. 2C shows the diffractive optical element 232 interacting with the light beam 2334,
which 1s the same hight beam as ilfustrated in FIG. 2A. The diffractive optical element 232
converges the hight beam 233 A to the focal point 235A. FIG. 2D shows the diffractive optical
element 232 interacting with a ight beam 233D, The light beam 233D has the same polanization
state as the Hght beam 2334 but the light beam 233D propagates in the opposite direction {the -
z direction i this example}. For example, the light beams 233A and 233D may both be right-
hand polarized light, or the hght beams 233 A and 233D may be linear polarized light with an
electric field that osecillates in the x-z plane.

Although the light beams 233A and 233D have the same polarization state, the diffractive
optical element 232 changes the propagation of the light beams 233A and 2331 in different
ways, In this example, the diffractive optical element 232 has a focal length 234D for light
having the polarization state and direction of propagation of the light beam 233D, The focal
length 234D is a negative focal length for light that propagates in the -z direction, thus the
diffractive optical element 232 diverges the hght beam 233D, Thus, the diffractive optical
element 232 changes the propagation of light based on the polanization of the light and the
divection of propagation. In other words, the focal length of the diffractive optical element 232
may be different for light of a particular polarization state depending on the direction m which
the light passes through the diffractive optical element 232

FIGS. 3A and 3B are side and front views, respectively, of an exemplary diffractive
optical elemnent 332, The diffractive optical element 332 may be similar 1o the diffractive optical
element 232 {FIGS. 2A-2D), and the diffractive optical elensent 332 naay be wsed in the
polarization-dependent optical isolation systems 130 and 230. The diffractive optical element
332 is a combination of a phase focasing diffractive optical element 336 (also referred to as a
focusing element 336} and a structure 337, which includes physical features 338, The
arrangement of the physical features 338 of the structure 337 allows the diffractive optical
element 332 1o be polarization dependent. In the example of FIG. 34, the structwre 337 s at a
surface of the element 336, and the physical features 338 are represented by a block in a portion
of the stnuctare 337, However, the structure 337 anddor the physical featores 338 may be i other
locations relative o the element 336, For example, the stracture 337 may be formed in the

element 336 or at a surface of the element 336 other than the swrface shown,
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The physical features 338 may be any features capable of diffracting light, For example,
the physical features 338 may be grooves that are etched or otherwise formed in the element 336,
In some unplementations, the physical features 338 may be formed by depositing regions of a
material that has different optical properties (such as index of refraction) than the material of the
element 336 onto and/or into the element 336, The physical features 338 may be spaced from
each other by a distance that is less than the wavelength of an incident light beam 333, The
physical features 338 may be formed in regions of the structare 337 other than those depicted in
FIG. 3AL

The focusing element 336 modulates the incident hght 333, which passes through or
otherwise interacts with the element 336, by unparting a phase shift or phase modulation onto the
light 333, The amount of phase shift imparted by the element 336 15 defined by a phase profile.
The phase profile may vary in one or more directions that are different than the direction of
propagation of the incident lght 333, For example, the phase profile may vary along the x
andfor v directions of the focusing element 336, Because the clement 336 fmparts 2 phase shifi
onto the incident Hght 333, and the amount of the phase shift may vary along a divection that is
different than the direction of propagation of the incident light 333, the element 336 may change
the shape of the wavefront of the light 333, A wavefront is a surface over which an optical wave
has a constant phase. For example, the phase profile of the element 336 may be such that the
element 336 acts as a lens. In some implementations, the element 336 is implemented as a
Fresnel zone plate.

The slement 336 may be made from any material that s transparent to the wavelengths in
the bght 333, For example, in implementations i which the light 333 has a wavelength of 9-11
microns (pun), the element 336 may be made from diamond, germanum (Ge), zinc selenide
{ZnSe}, gallivm arsenide (GaAs), or a combination of such materials. The phase profile may be
mnplemented by, for example, modulating or varying the index of refraction of the material of
the element 336 along a direction that i1s orthogonal or otherwise different than the direction of
propagation of the incident Hight and/or by varving the thickness of the element 336 along the
direction of propagation of the incident hght.

The diffractive optical element 332 also nclodes the structure 337, FIG. 3B shows a
front view of the structore 337, In the implementation of FIGS. 3A and 3B, the stwuctore 337

includes eight concentric regions of physical features 338 {labeled as 338A-338H on FIG. 38).
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The various physical features 338 are iHusirated by different shading patterns i FIG. 3B, though

the actual arrangement of the physical features 338 may vary from what is shown,

As discassed above, the focusing element 336 imparts a phase shifi, and the structure 337
with the physical features 338 determines how the diffractive optical element 332 mieracts with
particular polarization states. The combination of the focusing element 336 and the structure 337
allows the diffractive optical element 332 to focus or otherwise change the propagation of
mcident light based on the polarization state of the mcident light. In particular, the arrangement
of the physical features 338 of the structure 337 allows the diffractive optical element 332 to
focus light based on the polarization state of the light. For example, the physical features 338 of
the eight regions may be oriented m different directions, forming a quasi-periodic structure of
phyvsical features that act as space-variant waveplates. Through the ortentation of the physical
features, the diffractive optical element 332 may behave as a polanzation-dependent lens that
converges or diverges mcident Hght based on the polarization state of the meident Hght.

FIGS. 4A and 4B relate to examples of a diffractive optical element that may be used as
the diffractive optical element 232 or 332, The diffractive optical element may be a blazed
diffraction grating with N discrete phase levels (for example, N-level binary phase ramps that
approximate the phase profile of the blazed diffraction grating, where N is an integer number that
is a power of two, such as 2, 4, 8, 16, or 128). FIG. 4A is a plot of a predicted quantized
geometrical phase profile as a function of location on a diffractive optical element with four
discrete phase levels {(N=4}, InFIG. 44, the center point of 0 to r is asseciated with the
geometric center of the optical element. FIG. 48 15 a plot of quantized phase as a function of
desived phase and the local orientation of the physical features for a diffractive optical element
that includes eight discrete phase levels. FIGS. 3B, 4A | and 4B are based on information from
Frez Hasman et al, "Polarization dependent focusing lens by use of quantized Pancharatnam-
Berry phase diffractive optics,” Applied Physics Letters, Vol 82, No. 3, Jan. 20, 2003, pp. 328-
330.

FIGS. 4C-4H illustrate iteractions between hight and various optical elements. FIGS.
4C-4H have the same coordinate system as FIG. 3A. FIGS. 4C and 413 show a typical lens 450
that converges mncident light 433C to a focal point 435C using refraction. In the example shown
m FIGS. 4C and 4D, the lens 450 15 a plano-convex lens that causes hight that passes through it to

converge to the focal point 4353C using refraction. The incident light 433C propagates in the z
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divection and has a polarization state. For example, the incident lght 433C may be night-hand
circularly polarized. The lens 450 has a different onentation in FIG. 4D as compared to FI1G. 4C.
In particular, i FIG. 4C, a planar portion 439 of the lens 450 faces away from the incident hght
433C, and in FI1G. 4D, the planar portion 439 faces toward the incident light 433C. However, the
orientation of the lens 450 does not change the converging action that the lens 450 imparts onto
the incident hight 433C. Moreover, the polarization state of the incident hight 433C does not
change as a result of passing through the lens 450, regardless of the orientation of the lens 450

FIGS. 4B~4H sllusirate a diffractive optical element 432E, which is another example
implementation of the diffractive optical element 232 (FIGS. 2A-2D) or the diffractive optical
element 332 (FIG. 3A). The diffractive optical element 432F inclodes a structure 437E with
physical features 438E. In the example of FIG. 4E, the diffractive optical element 432E 15
oriented with the strocture 437E facing away from an incident light beam 433K, In FIG. 4F, the
diffractive optical element 432E s oriented with the structure 437E facing the meident hight
beam 433E. The incident light beam 433E propagates i the z divection and has a polarization
state. In the example of FIGS. 4E and 4F, the light beam 433E is right-hand circularly polatized
when incident on the diffractive optical element 432E. In the orientation shown in the example
of FIG. 4E, the diffractive optical element 432E converges the light beam 433E to a focal point
235E. Inthe orientation shown in the example of FIG. 4F, the diffractive optical element 432E
diverges the hght beam 433E. Additonally, the polanization state of the light beam 433E
changes t left-hand circularly polarized as @ result of passing through the diffractive optical
element 4328,

In the example of FIG. 4G, the diffractive optical element 432E is oriented with the
structore 437E facing away from an incident light beam 433G, In FIG. 4H, the diffractive
optical element 432E is oriented with the structure 437E facing the mmcident light beanm 433G,
The hight beam 433 propagates in the z direction and 15 left-hand circularly polarized. In the
orientation shown in FIG. 4G, the diffractive optical element 432E diverges the hight 433G, In
the orientation shown in FIG. 4H, the diffractive optical element 432E converges the light 433G
to a focal pomt 235H. Addittonally, the polarization state of the light beam 433G changes o
right-hand circularty polarized after passing through the diffractive optical element 232E.

Thus, unlike the typical lens 450, the orientation of the diffractive optical element 432E

relative 1o the direction of propagation of an incident light beam may deterniine the phase profile
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imparted onto the hght beam. Additionally, the diffractive optical element 432E may change the
polatization state of incident light,

Referring 1o FIG. SA, an exemplary EUV Hght source 501 15 shown, The EUV light
source 501 may be used as the optical source 101 in the optical system 100 (FIG. 1), The BUY
Hight source 301 inchudes an optical drive system 502, which directs first and second light beams
510a, 310b along a beam path 512 to respective target regions 3433, 545b. The target region
545a receives an initial target 540a, and an interaction between the first hght beam 510a and the
mnitial target S40a conditions the mutial target S40a to forn a conditioned target 540b. For
example, an interaction between the first light beam 510a and the initial target 540a may change
the geometric distribution of target material in the initial target 540a and/or optical properties of
the initial target 5402 to form the conditioned target 540b. The conditioned target 340b wravels to
the target region 545b, and an uteraction between the second light beam 510b and the
conditioned target 340b converts at least some of the conditioned target 540b into a plasma that
emits EUV hght. In this example, the first fight beant 510a may be referred to as a “pre-pulse,”
and the second Light beam 510b may be referred to as the “main pulse”

In addition to the first light beam S10a and the second light beam 510b, 4 reflection 513a
andfor a reflection 513b may propagate on the beam path 512, The reflection 513a may arise
from by the light beam 510a reflecting off of the initial target 540a or an element on the path 512
{such as an optical element or spatial filter in the beam steering and focusing system 355}, The
reflections 5133, 513b propagate on the path 512 in a direction that is different from the direction

The optical drive system 502 includes a light-generation system 504, which produces the
first and second light beams 510a, 510b, an optical amplifier 508, which includes a gain medium
509, and a beam transport and focusing system 555, which directs the light beams 510a, $10b to
their respective target regions 545a, 545b. The light-generation system 504 also may include one
or more pre-amphifiers arranged m series along the path 512, In the example of FIG. 3A, a pre~
amplifier 507 represents the one or more pre-amplifiers of the light-generation system 504,
Although one pre-amplifier 507 19 shown, moore than one pre-amphifier may be used in the hght-
generation system 504, The pre-amplifier 507 receives and amphifies the first and second Hght

beams 510a, $10b within the light-generation system 504
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The optical drive system 302 also mcludes a polatization-dependent optical isolation
system 530, which may be stmilar to the polarization-dependent optical isolation systems 130,
230 discussed above. In the example of FIG. 34, the polartization-dependent optical isolation
system 330 is m the light-generation system 304 and is positioned between light-emitting
maodules 504a and 504b and a polarization-based optical isolator 506, The polarization-
dependent optical 1solation system 530 may be physically separate from the pre-amplifier 507,
the hight-emitting modules 504a and 504b, and the polarization-based optical 1solator 506, or the
polarization-dependent optical isolation system 330 may be mtegrated into one or more of these
devices. For example, the polarization-dependent optical isolation system 530 may be used as a
transmission window on the pre-amplhifier 507, The polanization-dependent optical isolation
system 530 reduces the impact of the reflections 513a anddor 513b on the light-generation system
504. In particular, the polarization-dependent optical isolation system 530 reduces the amount of
optical power in the reflections 513a andfor 513b prior to the reflections 513a andfor 513b
reaching the pre-amplifier 507,

Depending on the location within the optical drive system 502 and the configuration of
the optical drive system 502, the light beam 5104 and the reflection S13a may have the same or
different polarization states. Similarly, the light beam 310b and the reflection 513b may have the
same or different polarization states. In the example of FIG. SA, the light beam 510a and the
reflection $13a have the same polarization state at the polarization-dependent optical isolation
system 530, For example, the light beam 510g and the reflection 513a may beth be right-hand
circular polarized light when incident on the polanization-dependent optical 1solator 330,

The light-generation system 504 includes two light-emitting modules 504a, 504b. Inthe
example of FIG. 5A, the light-emitting modules 504a, 504b produce the first and second hight
beams S10a, 510b, respectively. The light-emittng modules 504a, 504b may be, for example,
two lasers. For example, each of the light-emitting moduoles 504a, 504b may be a carbon dioxide
{COq) laser. The first and second light beams 510a, 310b have different wavelengths within the
gain band of the gain medium 509, For example, in implementations in which the light-emitting
modides 304a, S04b welude two Tz lasers, the Bght beams 5104, S100 may be generated from
different lmes of the CO:z laser, resulting in the light beams 510a, 3100 having different
wavelengths even though both beams are generated from the same type of laser source. In some

implementations, the light beams 510a, 510b have wavelengths between 9 and 11 microns {um}.
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For example, the wavelength of the fivst ight bearn 510s may be about 10.26 pm. The
wavelength of the second light beam 310b mav be between about 10,18 ym and 10.2¢ wum, or the
wavelength of the second Hght beam 510b may be about 10.59 ym.

The light-generation system 504 also includes a beam combuner 549 that directs the first
and second light beams 310a, 510b onto the beam path 512, The beam combiner 549 may be
any optical element or a collection of optical elements capable of interacting with the first beam
510a andfor the second beam 510b to divect the first and second hight beams 510a, S10b onto the
beam path 512. For example, the bean: combiner 549 may be a collection of murors, some of
which are positioned to direct the first light beam 510a onto the beam path 512 and others of
which are positioned to direct the second light beam 510b onto the beam path 512, The first and
second light beams 510a, 510b may propagate on the path 512 at different tines, but both light
beams 510a, 310b traverse substantially the same spatial region through the optical drive system
502 and both pass through the gain medium 509 of the optical amplifier 508

The light-generation system 504 also includes a polanization-based optical tsolator 506.
The polarization-dependent optical isolation system 530 is positioned between the polarization-
based optical isolator 506 and the pre-amplifier 507, The polarization-based optical isclator 506
blocks or transmiis mncident light based on the polarization of the cident Light, and the optical
tsolator 506 is configured to transinit the light beams 510a, 510b and 1o block the reflections
513a, 513b. However, the polarization-based optical isolator 506 does not change the
propagation of the meident hight by, for example, converging or diverging the mcident light.
Thus, the polarization-based optical isolator 306 operates on a different principle than the
polarization-dependent optical isolation system 330, The polarization-based optical isolator 306
may be, for example, a thin-film polarizer {TFP) or a Brewster plate.,

Because the polarization-based optical isolator 506 and the polarization-dependent
opticsl isolation system 5330 rely on different mechanisms, using both isolators (such as the in the
example of FIG. 3A) may lead to greater rejection of the reflections §13a, 513b. For example,
although the polarization-based optical isolator 506 may remove a portion of the reflections
513a, 513b from the path $12, some Nght from the reflections 513a, 313b may remain on the
path 312 even after interacting with the polanization-based optical isolator 506, The polarization-
dependent optical 1solation system 530 may cause the remaining reflected hight to diverge, which

forther reduces the amount of reflected light that reaches the pre-amplifier 507,
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LA



10

15

20

25

3G

WO 2018/128740 PCT/US2017/064555

For example and referring to FIG. $B, which 1s a block disgram of an exemplary
unplementation of the polarization-dependent optical system 530B positioned in the Hght source
501 between the pre-amplifier 507 and the polanization-based optical isolator 306, the
polarization-dependent optical isolation system S30B may reject or mitigate the beams 51 3a,
513b while maintaining the proper propagation of the beams 510a, 510b. After exiting the pre-
amplifier 307, the hght beams 510a, 510b may have a linear polarization state. For example, the
polarization state may be a 45 degree linearly polarization state with the electric field oscillating
at 45 degrees relative to the y-z plane. The polarization-dependent optical 1solation system 5308
includes phase retarders 553, lenses 3306, a spatial filter 551, which defines an aperture 552, and &
diffractive optical element 532, which may be similar to any of the diffractive optical elements

‘\

232,333, and 432E discussed above., The phase retarder 333 may be any optical element that is
capable of changing linearly polarized light to circularly polanized light and vice versa. For
example, the phase retarders 353 may be reflective phase retarders (RPR) or quarter-wave plates.

FIG. 5B shows the path of the bearns 5104, S10b (solid line) and the beams 513a, 513b (dashed
line).

The beams 310a, S10b exit the pre-amplifier 507 as lnearly polanzed Hght and are
incident on a phase retarder 533, which changes the polarization state of the beams 510a, §10b
such that the beams 510a, S10b are circularly polarized. In this exanple, the beams 510, 510b
are right-hand circularly polarized after passing through the phase retarder 553, The beams
S10a, 510b then pass through the lens 536, which converges the beams 510a, 510b such that the
beams 5102, S10b are able to pass through the aperture S52 of the spatial filter 351 The beams
5104, 510b diverge after passing through the aperture 552 and are converged by the diffractive
optical element 532, The diffractive optical element 532 also changes the polarization state of
the beams 510, S10b to lefi-hand circularly polanized. The beams 510a, 510b pass through
another instance of the lens 536 and are collimated, and then pass through another instance of the
phase retarder 353, which changes the polarization state of the beams §10a, 510b to linear
polarization. The beams 510a, 510b pass through the polarization-based optical isolator 506,

The reflections 313a, S13b nay be circnlarly polarized when incident on the polarization-
based optical isolator 506, with a handedness that is opposite to the handedness of the beams
510a, 510b in the same portion of the light sowrce 501, After interacting with the polarization~

based optical isolator 306, the polarization state of the beams 513a, 513b becomes linear, with
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most of the light being in a Hnear polarization state that is otthogonal 1o the polarization state of
the beams 510a, S10b when the beams 510a, 510b are incident on the polarization-based optical
isolator 506. The polanization-based optical isolator 506 13 intended to reject (for example,
remave from the path 512} light having an polarization state that is orthogonal to the polarization
state of the beams 510a, $10b. However, because not all of the hight in the beams 513a, 313bas
i a polarization state that is orthogonal 1o the polarization state of the beams 510a, 310b, some
of the hight in the beams 513a, 313b is not rejected by the polarization-based optical isolator 506
and remains on the path 512, This leakage hight {the portion of the beams 513a, 513b that passes
through the polarization-dependent optical 1solator 506) may have the same polanization state
that the beams 510a, 510b bave when they are propagating in the opposite direction 1n the same
partion of the light source 301, However, when the leakage bHght is incident on the diffractive
optical element S32 it is diverged {even if the beams 510a, 510b are not diverged by the
diffractive optical element 532) because the diffractive optical element 532 is able to change the
propagation of mcident light based on the polarization state of the light and the direction of
propagation of the light. Because the beams 513a, 513b propagate in a different direction than
the beams 5104, S10b, the diffractive optical element 332 is able to cause the beams 3133, S13b
to diverge while maintaining the proper propagation of the beams 510a, $10b even if the beams
513a, 513b have the same polarization state as the beams 510a, 510b.

In this way, the optical 1solation system 530 and the optical 1solator 506 operated based
on different principles and may provide enhanced performance and greater reduction of the
optical power of the beams 313a, 313b when used together. Forexample, even if a relatively
small amount of the beam 513a andior 313b (for example, 10-30 Watts) leaks through the
isolator 506, without the system 530, all of this leakage light would be amplified by the pre~
amplifier S07, and a large amount of Light {for example, 1-900 Watts) could reach the light-
generation-modules 504a, 504b, potentially causing instability, reduced amplification of the
beams 310a, 310b, and/or other 1ssues.

In the example shown in FIGS. SA and 5B, the polarization-dependent optical isolation
syster 330 i3 between the pre-amplifier 307 and the polarization-based optical ssolator 506, The
Light beams 310a, 510b are converged or collimated by the polarization-dependent optizal
isolation system 530, As discussed with respect to FIGS. 2C and 2D, even though the reflection

513a, 513b may have the same polarization state as the respective light beam 510a, 510b,
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because the reflection 513a, $13b propagates through the polarization-dependent optical isolation
system 530 in a different direction than the respective light beam 510, 510b, the polarization-
dependent optical solation system 530 changes the propagation of the hight beams 5104, S10b in
a different manner than the reflections 513a, 513b. For example, the reflections 513a, 313b may
be diverged such that the amoant of light from either of the reflections $13a, 513b that reaches
the pre-amplifier 307 is reduced.

Referning to FIG. 6, a block diagram of another exemplary EUV light source 601 is
shown. The EUV light source 601 may be used as the optical sowce 101 (FIG. 1), The EUV
lHight source 601 includes an optical drive system 602, which generates the first and second light
beams 310a, 510b. The optical drive system 602 includes a light-generation system 604, which
is stmilar to the Light-generation svstem 504 (FIG. SA), except the light-generation system 604
has separate paths 612a and 612D along which the light beams 510z, 510b propagate.

In the example of FIG. 6, the first ight-emiitting module 304a and the second hight-
enitting module 504b are separate optical sources. The first Hght- emitting module 504a may
be, for example, a solid-state laser, and the second light-generation emitting 504b may be a €Oz
laser. In implementations in which the first lighi-emitiing module 504a is a solid state laser, the
wavelength of the first light beam 510a may be, for example, 1.06 wm. The Light beams 5104,
510b mav have different imensities,

The first light-emitting modale 5042 emits the first light beam 510a onto the path 612a,
and the second light-enutting module 504b emits the second hight beam 510b onto the path 612b.
The light beams 510a, S10b are amplified 1 separate amplifier chains. 1o the example shown in
FIG. 6, the first light beam 510a is amplified by an amplifier 60%a, which includes a gain
medium 60%. The second light beam 510b 1s amplified by an amphifier 608b, which includes a
gain medium 60%. The amplifiers 608a, 608b are separate amplifiers, though they may have the
same properties. Thus, in the optical drive system 002, the first light beam 510a and the second
light beam 510b are amplified separately from each other and m ditferent paths. In the example
of FIG. 6, the first light beam 510a and the second Light beam 510b are amplified by respective
pre~-amphifiers 6072, 607b prior to being amplified by the respective amplifiers 603a, 608h.

The optical drive system 602 also includes a bearn combiner 649, The beam combiner
6549 recetves the first light beam 510a and the second light beam 510b and directs the beams

510a, 510b onto the beam path 612 and toward the beam steering and focusing system 555, The
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beam combiner 649 may be any optical element or a collection of optical elements capable of
miteracting with the first light beam 5103 and/or the second light beam 510b 1o direct the first and
second light beams 310a, S10b onto the beam path 612,

The optical drive system 602 also mncludes polarization-dependent optical isolation
systems 630a and 630b. The polarization~-dependent optical isolation system 630a is on the path
&12a, and the polanzation-dependent optical isolation system 630b 1s on the path 612b. The
polarization-dependent optical isolation systems 630a, 630b may be similar o the polanzation-
dependent optical isolation systems 130, 230, As discussed above, the wavelengths of the hight
beams 510a, 510b nmay be different, Thus, each of the polanzation-dependent optical isolation
systems 630a, 630b may be configured to perform optimally at the wavelength of the respective
light beam 510a, 310b,

Referring to FIG. 7, an exemplary optical drive system 702 is shown. The optical drive
systam 702 inclades one or more polarization-dependent optical isolation system (such as the
systems 130, 230). The optical drive system 702 is used to iflustrate the locations in the system
702 where a polarization-dependent optical isolation system {such as the systems 130, 230) may
be placed. The optical drive system includes a light-generating system 704, pre-amphfiers 747,
amplifiers 708, and a beam steering and focusing system 75335 arranged on a path 712,

A polarization-dependent optical isolation system may be placed in any location on the
path 712 where a reflection {(a light beam propagating on the path 712 toward the light-
cenerating system 704} has a polartzation state that is diverged by the diffractive optical element
of the polarization-dependent optical isolation system {or has a polarization state that may be
converted info a polarization state that is diverged by the diffractive optical element). In FIG. 7,
“X” marks the possible locations of a polarization-dependent optical isolation system. More than
one polarization-dependent optical isolation system may be used stimultaneously in the optical
drive system 702, Additionally, locations other than those marked with an “X are possible. For
example, the polarization-dependent optical isolation system may be implemented in place of or
on an optical element in the beam steering and focusing system 755, as a window on one or more
of the pre-amphifiers 747, andfor as a window on one or more of the amplifiers 708

Referring to FIG, 8A, a flow chart of an exemplary process 800 for reducing an amount
of optical power in a reflected light beam 1s shown. The process 800 may be used m any of the

EUV light sources discussed above, or in the EUV light source 900 (FIGS. 9A and 98). The
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process 800 is discussed with respect 1o the light source 101 and FIG. 8B, which shows a portion
of an exemplary optical doive system 802,

The light beam 110 s emitted onto the beam path 112 (810). The light beam 110
propagates in a first divection and has a first polarization state. For example, the light beam 119
propagates on the path 112 toward the target region 115, The light beamn 110 may have a
polarization state of, for example, right-hand circular, left-band eircular, inear (for example, s-
polarized or p-polarized), left-hand elliptical, or right-hand elliptical. The polarization state of
the light beam 110 may change as the hight beam 110 propagates on the path 112 and mteracts
with optical elements on the path 112, In other words, the polarization state of the light beam
110 may vary along the path 112.

A wavefront of the hght beam 110 is modified by passing the light beam 110 through a
diffractive optical element in the polanization-dependent optical 1solation system 130 (820). For
example, the system 130 may modify the wavefront of the light beam 110 such that the light
beam 110 s converged toward a first focal point. The light beam 110 passes throogh the
polatization-dependent optical isolation system 130 in the z direction (toward the target region
115). Referring also to FIG. 2A, the light beam 10 may pass through a diffractive optical
element such as the diffractive optical element 232, The diffractive optical element 232 is
configured to converge light having the polarization state of the light beam 110 1o the focal point
235A. The diffiactive optical element 232 has different focal lengths for Light that has a different
polarization state and propagates through the diffractive optical element 232 in the z direction
{the same direction as the Hght beam 110} For example, and refemring to FIG. 2B, Hght that has
a different polarization state than the light beam 110 but propagates in the z direction is focused
based on the focal length 2348, which causes the hght to diverge mstead of converge.

A wavefront of the reflection 113 is modified by passing the reflection 113 through the
diffractive optical element 232 {8§30). The wavefront of the reflection 113 is modified in a
different manner than the wavefront of the hight beam 110. For example, the wavefront of the
reflection 113 may be modified such that the reflection 113 diverges. The reflection 113 of the
Hoht beam 110 propagates on the beam path 112 in a divection other than the direction i which
the light beam 110 propagates. In the example of FIG. 1, the reflection 113 propagates in the —z
direction {the direction that 1s opposiie to the direction in which the hight beam 110 propagates).

The reflection 113 reaches the polarization-dependent optical isolation system 130 and passes



10

15

20

25

3G

WO 2018/128740 PCT/US2017/064555

through the diffractive optical element 232 in the ~z divection. The reflection 113 may have the
same polarization state at the diffractive optical element 232 as the Hght beam 110 had at the
diffractive optical element 232, but the reflection 113 passes through the diffractive optical
element 232 in the opposite direction. In some implementations, the focusing properties of the
diffractive optical element 232 may depend on the direction in which an incident hight beam
passes through the diffractive optical element 232

Thus, even though the reflection 113 has the same polarization state as the light beam 110
at the diffractive optical element 232, because the reflection 113 and the Light beanm: 110 pass
through the diffractive optical element 232 in different directions, the diffractive optical element
232 changes the propagation of the reflection 113 in a different manner than the light beam 110,
For example, similar 1o the illustration shown in FIG. 2D, the reflection 113 mayv diverge after
passing throogh the diffractive optical element 232, By diverging the reflection, the optical
power of the reflection is spread over a larger area, thus, the power of the portion of the
reflection 113 that remains on the beam path 112 is reduced.

Referring also to FIG. 8B, an example of reducing the optical power of a reflected light
beam 813 is shown. FIG. 8B shows a section of an optical drive system 802, The section of the
optical drive system 802 ruay be used i any of the optical drive systems discussed above.
Additionally, the section of the optical drive system shown in FIG. 8B may be any portion of a
complete optical drive systemn. For example, the section of the optical drive system 302 may be
part of & light-generation system, such as the light seneration system 504 (F1G. 3A)

fn the optical drive system 802, a hight beam 8§10 propagates toward a reflective elenent
854, The reflective element 854 may be, for example, a target material droplet, an optical
element, such as a lens or mirror, a holder or post, or a spatial filter. The light beam 8§10 has a
first polarization state. The light beam 810 propagates through a lens and 13 focused such that
the hght beam 810 passes through an aperture 852 of a spatial filter 851, The light beam 8§10
passes through the diffractive optical element 232 and 1s focused based on the focal length that
the optical element 232 has for the first polarization state. In this example, the Hght beant 810 13
collimated by the diffractive optical element 232,

All or a portion of the light beam B10 reflects off of the reflective element 834, producing
the reflection 813, The reflection 813 passes through the diffractive optical element in the

opposite direction as compared to the light beam 810, Although the reflection 813 may have the
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same polarization state as the Hght beam §10, the diffvactive optical element 232 focuses the
reflection 813 in a different manner than the Hght beam 810, In this example, the diffractive
optical element diverges the reflection 813, The diverged reflection propagates away from the
diffractive optical element 232 and, at the spatial filter, the diverged reflection has a diameter in
the x-v plane that is greater than the width of the aperture 852, Thus, only a small portion of the
reflected beam 813 reaches the lens 85¢. In this way, the diffractive optical elenmient reduces the
optical power of the reflected beam.

In the examples discussed above, the diffractive optical element 232 converges a
forward-going beam (such as the Hght beam 110 of FIG. 1) and diverges a reflection of that
beam {such as the reflected beam 113). However, the diffractive optical element 232 may be
configured to change the propagation of incident light in another manner. For example, the
diffractive optical element may be vsed to diverge the forward-going beammn 110 and to converge
the reflection 113, In these implementations, other optical elements may be used with the
diffractive optical element 232 to reduce the optical power of the reflected ight beam. For
example, a lens or a nurror used with the diffractive optical element could be positioned to cause
a reflected beam converged by the diffractive optical element to diverge.

Referring to FIG. 9A, an LPP EUV hight source 900 s shown. The optical drive systems
102, 502, 602, and 702 may be part of an EUV light souwrce, such as the source 900. The LPP
EUV light source 900 is formed by irradiating a target mixtare 914 at a target location 905 with
an amplified light beam 910 that travels along a beam path toward the target nuxture 914, The
target material of the targets 118, 340, and 540b may be or include the target mixtore 914, The
target focation 9035, which is also referred to as the irradiation site, 1s within an interior 907 of a
vacuum chamber 930, When the amplified light beam 910 strikes the target mixture 914, a target
material within the target mixture 914 is converted into a plasma state that has an element with
ain emission line in the EUV range. The created plasima has certain characteristics that depend on
the compostiion of the target material within the target nuxtare 914, These characteristics may
include the wavelength of the EUV light produced by the plasma and the tvpe and amount of
debris released from the plasma.

The hght source 900 also includes a target material delivery system 925 that delivers,
controls, and directs the target mixture 914 in the form of hgwd droplets, a liguid stream, solid

particles or clusters, solid particles contained within liguid droplets or solid particles contained
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within a hguid stream. The tavget mixture 314 inclodes the target madterial such as, for example,
water, tin, Hithium, xenon, or any material that, when converted to a plasma state, has an emission
line in the EUV range. For example, the element tin may be used as pure tin {Sn); as a tin
compound, for example, SnBrs, SnBrz, SnHy; as a tin alloy, for example, tin-gallium alloys, tin-
indinm allovs, tin-indinm-gatiivm alloys, or any combination of these slloys. The target mixture
414 may also mclude mpurities such as non-target particles. Thus, in the sttuation i which
there are no impurities, the target mixture 914 is made up of only the target matenal. The target
mixture 914 is delivered by the target material delivery system 925 into the wterior 907 of the
chamber 930 and to the target location 903,

The light sovrce 900 includes a drive laser system 913 that produces the amplified light
beam 910 due to a population inversion within the gain medium or mediums of the laser system
915, The hight source 900 includes a beam delivery system between the laser system 915 and the
target location 903, the beam delivery system including a beam transport system 920 and a focus
assembly 922, The beam transport system 920 receives the amplified Hght beam 910 from the
laser system 915, and steers and modifies the amplified light beam 910 as needed and outputs the
amplified light beam 910 to the focus assembly 922, The focus assembly 922 recerves the
amplified light beam 910 and focnses the beam 910 to the target location 905

In some implementations, the laser system 915 may include one or more optical
amplifiers, lasers, andfor lamps for providing one or more main pulses and, in some cases, one or
more pre-pulses. Each optical amphifier mcludes a gain medium capable of optically amplifving
the destred wavelengtly at & high gain, an excitation source, and internal optics. The optical
amplifier may or may not have laser mirrors or other feedback devices that form a laser cavity.
Thus, the laser system 9135 produces an amplified light beam 910 due {o the population inversion
m the gain media of the laser amplifiers even if there 13 no laser cavity. Moreover, the laser
system 915 may produce an amphified Hght beam 910 that is a coherent laser beam if there 1s a
laser cavity o provide enough feedback to the laser system 915, The term “amplified hight
beam” encompasses one or more of light from the laser system 915 that is merely amplified but
not necessarily a coberent laser oscillation and light from the laser system 913 that is anplified
and is also a coherent laser oscillation,

The optical amplifiers in the laser svstem 915 may include as 8 gain medium a filhng gas

that includes CO: and may amplify light at a wavelength of between about 9100 and about 11000
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nm, and 1 particular, at about 10600 vm, al & gain greater than or equal to 800, Suitable
amplifiers and lasers for use in the laser system 915 may include a pulsed laser device, for
example, a pulsed, gas-discharge COr laser device producing radiation at about 9300 nm or
about 10600 nm, for example, with DC or RF excitation, operating at relatively high power, for
example, 10kW or higher and high pulse repetition rate, for example, 40kHz or more. The
optical amplifiers in the laser system 915 may also include a cooling system such as water that
may be used when operating the laser system 9135 at higher powers.

FIG. 9B shows a block diagram of an exemplary drive laser system 980, The drive laser
system 980 may be used as part of the drive laser system 915 1 the source 900, The drive laser
system 980 includes three power amplifiers 981, 982, and 983. Any or all of the power
amplifiers 981, 982, and 983 may include internal optical elements (not shown).

Light 984 exits the power amplhifier 981 through an output window 985 and 1s reflected
off a curved mirror 986, After reflection, the light 984 passes through a spatial filter 987, 13
reflected off of a curved mirror 988, and enters the power amplifier 982 throogh an mput
window 989, The light 984 15 amplified in the power amplifier 982 and redirected out of the
power amplifier 982 through an ouiput window 990 as hight 991, The light 991 is directed
toward the amplifier 983 with a fold mirror 992 and enters the amplifier 983 through an input
window 993, The amplifier 983 amplifies the light 991 and directs the light 991 out of the
amphifier 983 through an output window 994 as an output beam 995, A fold purror 996 directs
the outpot beam 995 ypward {out of the page} and toward the beam transport system 920 (FIG.
QA).

Any of the windows 9&5, 989, 990, 993, 994 may be implemented as a polarization-
dependent optical isolation system such as the systems 130, 230, 330 discussed above.

Referring agam to FIG. 98, the spatial filter 987 defines an aperture 997, which may be,
for example, a circle having a diameter between about 2.2 mm and 3 mun. The curved mirrors
986 and 988 may be, for example, off-axis parabola mirrors with focal lengths of about 1.7 m
and 2.3 m, respectively. The spatial filter 987 my be posttioned such that the aperture 997
coincides with a focal point of the drive laser system 980,

Referning agam 1o FIG. 94, the light source 200 includes a collector mmrror 933 having
an aperture 940 to allow the amplified hight beam 910 to pass through and reach the target

jocation 905. The collector mirror 835 may be, for example, an ellipsoidal mirror that has a
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primary focus at the target location 908 and a secondary focus at an intermediate location 945
{also called an mtermediate focus) where the EUV hight may be output from the Hight source 900
and may be input to, for example, an integrated circuit lithography tool (not shown}. The hght
source 900 may also include an open-ended, hollow conical shroud 958 (for example, a gas
cone) that tapers toward the target location 903 from the collector mirror 935 to reduce the
amount of plasma-generated debrs that enters the focus assembly 922 and/or the beam transport
system 920 while allowing the amplified light beam 910 to reach the target location 905, For
this purpose, a gas flow may be provided in the shroud that 15 dwected toward the target location
9035,

The light source 90 may also inchude a master controller 933 that is connected {0 a
droplet position detection feedback systen 9506, 3 laser control system 957, and a beam control
system 958, The bight source 900 may mchude ope or more target or droplet imagers 960 that
provide an output indicative of the position of a droplet, for example, relative to the target
location 903 and provide this output to the droplet position detection feedback system 956,
which may, for example, compute a droplet position and trajectory from which a droplet position
error may be computed either on a droplet by droplet basis or on average. The droplet position
detection feedback system 956 thas provides the droplet position error as an input to the master
controller 935, The master controller 955 may therefore provide a laser position, direction, and
timing correction signal, for example, to the laser control system 957 that may be used, for
example, to control the laser tinung circwit andfor o the beam control system 938 1o control an
amplified lght beam position and shaping of the beam transport system 920 to change the
location andfor focal power of the beam focal spot within the chamber 930,

The target material delivery system 925 includes a target material delivery control system
926 that is operable. in response to a signal from the master controller 955, for example, to
modify the release pomt of the droplets as released by a target matenal supply apparatus 827 to
correct for errors in the droplets arriving at the desired target location 903,

Additionally, the light source 900 may include light source detectors 963 and 970 that
measpres one of more EUV Heht parameters, including but not limited to, pulse energy, energy
distribution as & fmction of wavelenpth, energy within a particular band of wavelengths, energy
outside of a particular band of wavelengths, and angular distribution of EUV intensity and/or

average power. The light source detector 965 generates a feedback signal for use by the master

o
LA
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controller 955, The feedback signal may be, for example, indicative of the errors in parameters
such as the timing and focus of the laser pulses to properly intercept the droplets in the right
place and time for effective and efficient EUV light production.

The light source %00 may also include a guide laser 973 that may be used to align various
sections of the hight source 900 or to assist in steering the smplified light beam 910 to the target
location 9035, In connection with the guide laser 975, the light source 900 includes a metrology
system 924 that 1s placed within the focus assembly 922 to sample a portion of light from the
guide laser 975 and the amplified light beam 910, In other mplementations, the metrology
system 924 is placed within the beam transport system 920, The metrology system 924 may
include an optical element that samples or re-divects a subset of the light, such optical element
being made out of any material that may withstand the powers of the guide laser beam and the
amplified light beam 910, A beam analysis system is formed from the metrology system 924
and the master controller 935 since the master controller 953 analyzes the sampled light from the
gude laser 975 and uses this information to adjust components within the focus assembly 922
through the beam coatrol system 958,

Thus, in summary, the Hght source 900 produces an amplified light beam 910 that 15
directed along the beam path 1o irradiate the target mixture 914 at the target location 905 o
convert the target material within the mixture 914 into plasina that emits Light in the EUV range.
The amplified hght beam 910 operates at a particudar wavelength {that 1s also referred to as a
drive laser wavelength) that is determined based on the design and properties of the laser system
915, Additonally, the amplified light beam 910 may be a laser beam when the target material
provides enough feedback back mto the laser system 915 o produce coherent laser light or if the
drive laser system 913 includes suitable optical feedback to form a laser cavity.

Other implementations are within the scope of the claims. The beam paths 112, 512,
5124, 612b, 612, and 712 are illustrated as betng substantially straight slong the 2 dimension.
However, any of these paths may have more complex spatial arrangements that are not
necessarily along a single dimension. The polarization-dependent optical isolation system 530B

{FIG. 3B} is provided as an example, and other implementations ave possible.

26
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WHAT IS CLAIMED IS

i, A system for an extreme ultraviolet (EUV) Hght source, the system comprising:

a light-generation system configured to emit one or move light beams onto a beam path;

one or more optical amplifiers, each of the one or more amplifiers comprising g gain
medium on the beam path, each gam medium being configured to amplify the one or more hight
beams to produce one or more amphified light beams; and

one or more diffractive optical elements on the beam path, wherein each of the one or
more diffractive optical clements has a plurality of focal fengths, and each focal length of the

diffractive optical element 1s associated with a particular polarization state.

2. The system of clanm 1, wherein

the phrality of focal lengths of a diffvactive optical element comprises at least a first
focal length and a second focal length,

the first focal length i3 associated with a first polarization state,

the second focal length s assoctated with a second polarization state and the second
polarization state 1s orthogonal to the first polanization state, and

each of the one or more diffractive optical elements focuses light of the first polarization
state based on the first focal length and focuses hight of the second polarization state based on the

second focal length,

3. The system of ¢laim 1, wherein

the plarality of focal lengths comprises at least a first focal fength and a second focal
length, and

the first focal length 1s a positive focal length and the second focal length is a negative
focal length such that, after interacting with one of the one or more diffractive optical elements,

lLight of at least one of the polarization states converges, and light of at least one of the

polartzation states diverges.

4. The system of claim 1, wherein the diffractive optical element comprises a substrate and

a structare, the structure comprising a plurality of physical features.

2
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5. The system of clann 4, wherein the structure 18 formed in the substrate, the physical

featares of the structure comprising a phaality of grooves formed in the substrate.

6. The systent of ¢laim 4, wherein the structure is formed at a sorface of the substrate, the

physical features of the stucture comprising a plurality of grooves forned at the surface of the

substrate.
7. The system of claim 4, wherein each of the one or more light beams emitted by the hight-

generation system has a wavelength, and the physical features are separated from each other by a

distance that 1s smaller than the wavelength of at least one of the one or more lght beams,

8. The system of claim 4, wherein the physical features of the structure are arranged as a
quasi-periodic structure, the physical features of the quasi-periodic structure comprising at least
one pair of grooves that are separated from each other by a distance that 3s different from the

distance between another pair of grooves,

9. The system of claim 7, whersin the substrate comprises a ditfractive lens formed from N-
phase levels, N being an integer number equal or greater than two, the physical features of the

structure comprise plurality of grooves form groups of greoves, with one group of grooves being
formed at each of the N-phase levels, and the grooves at one of the N-phase levels being onented
in a direction that is different than a direction of orientation of the grooves formed at least at one

other of the N-phase levels.

10, The system of clann 4, wherein the substrate comprises one or more of diamond, zing

selemide (ZnSe), gallim arsenide (GaAs), and germanium (Ge).

11.  The system of clann I, wherein
each of the one or more optical amplifiers comprises an input window and an output
window on the beam path, the gain medium of the optical amplifier being between the inpot

windew and the cutput window, and

2
20
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at least one input window of any of the optical woplifiers or at least one cutput window

of any of the optical amplifiers 1s one of the one or more diffractive optical elements.

12, The system of claim 1, further comprising:

an optical system comprising one or more optical elements on the beam path, each of the
optical elements configured to interact with the one or more amphified light beams to focus the
one or more amplified light beams, the optical system further comprising at least one of the one

or move diffractive optical elements.

13, A method for reducing an optical power of a reflected light beam i an extreme
ultraviolet (EUV) light source, the method comprising:

emitting a light beam onto a beam path, the light beam having a first polartzation state
and propagating on the beam path m a first direction;

modifving a wavetront of the hight beamn by passing the hight beam through a diffractive
optical element, the diffractive optical element having a first focal length for light having the first
polarization state and a second focal length for light having a second polarization state; and

modifying a wavefront of a reflection of the hight beam by passing the reflection throagh
the diffractive optical element, the diffractive optical element modifying the wavetront of the

light beam and the wavefront of the reflection of the light beam differently.

14, The method of claim 13, wherein:

madifving the wavefront of the light beam by passing the light beam through the
diffractive optical element comprises converging the light beam toward a first focal point
associated with the first focal length, and

modifymg the wavetront of the reHection of the light beam by passing the reflection

through the diffractive optical element comprises diverging the reflection of the light beam.

15, The method of claim 14, further comprising:
passing the light beam through an optical element, the optical element having an open
region with an extent that is larger than an extent of the light beam in g plane perpendicular to a

direction of propagation of the light beam; and
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wherein diverging the reflection of the Hght beam comprises diverging the light beam
such that, when the diverged reflected light beam reaches the optical element, the extent of the

reflected light beam is greater than the extent of the open region of the aperture.

16,  The method of claim 13, wherein the Hght beam and the reflection of the Hight beam

propagate on the beam path in different directions, and the light bean: and the reflection of the

hight beam have the first polarization state when incident on the diffiactive optical element.

17, The method of clamm 13, wherein the first polanzation state and the second polarization

states are circular polarization states that are orthogonal to each other.

I8, An extreme ultraviolet light sowrce comprising:
an optical drive system comprising:
a light generation system,
one or more optical amplifiers, and
a diffractive optical element comprising a substrate and grooves formed in the
substrate, the diffractive optical element having a phuvality of distinct focal lengths, each of the
distinet focal lengths being associated with light of a particular polarization state; and
a vacuum chamber comprising an mterior region configured 1o receive a target matenial
and an amplified light beam from the optical drive system gt g target region, wherein the
diffractive optical element is positioned between the hight generation module and the target

region.

19, The extreme ultraviolet Hght source of claim 18, wherein the light generation system
COMIPIISEs:

one or more optical pre-amplifiers,

one or more sources of light, and

a polarization-based optical isolator, and wherein

the difftactive optical element is positioned between the one or more sonrces of

tight and the polarization-based optical isolator,
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20, The extreme nlivaviolet light source of claim 18, wherein the optical drive system
comprises more than one optical amplifier, and the diffractive optical element is between the

target focation and the opticat amplifier that is closest to the target location,

21 The exweme nltraviolet light source of claim 18, further comprising a focus assembly
between the optical amplifier that is closest to the target location and the target location, the
focus assembly comprising one or more optical elements configured to focus light toward the

target location, wherem the diffractive optical element 13 part of the focus assembly.
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polarization state
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Modify a wavefront of the light beam by
passing the light through a diffractive
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