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EXTREME ULTRAVIOLET LIGHT SOURCE

TECHNICAL FIELD
Tha disclosed subject matier relates to enhancing power from an extreme
witraviolet fight scurce with feedback from a spatially-extended targst distribution.

BACKGROUND

Extreme ultraviolet (EUV) light, for example, slectromagnetic radiation having
wavelengths of around 50 nm or less {also sometimes referred to as soft x-rays), and
including fight at a wavelength of about 13 nm, can be used in photolithography
processes to produce exiremely small features in substrates, for example, silicon
wafers,

Methods to produce EUV light include, but are not necessarily limited to,
converting a material that has an elemant, for example, xenon, lithium, or tin, with an
amission line in the EUV range into a plasma state. In one such method, often termed
laser produced plasma (LPP), the plasma can be produced by irradiating a target
material, for example, in the form of a droplet, stream, or cluster of material, with an
amplified light beam that can be referved o as a drive laser. For this process, the
plasma is typicaily produced it a sealed vessel, for example, & vacuum chamber, and

monitored using various types of metrology equipment.

SUMMARY

in same general aspects, a method includes releasing a stream of target material
droplets toward a farget region, the droplets in the stream traveling along a trajectory
fram a target material supply system to the targe! region; producing a spatially-extended
target distribution by diracting a fivst puise of light along a direction of propagation
toward the first targst material droplet while the first droplet is hetween the larget
material supply spparatus and the targst region, the impact of the first pulse of ight on
the first target matedal droplet increasing a cross-sectional diameter of the first target
material droplet in a plane that faces the direction of propagation and decreasing a
thickness of the first {arget material droplet along a direction thal is parallel to the
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direction of propagation; positicning an optic to establish a beam path that intersects the
targst .iocationi coupling a gain medium o the beam paih; and producing an amplifisd
light beam that interacts with the spatially-extended larget distribution to produce
plasma that generates extrame ultraviclet (EUV) light by scattering photons emitted
from the gain medium off of the spatially-exiended target distribution, al least some of
the scattered photons placed on the bearr path o produce the amplified light beam.

Implementations can include one or more of the following features. For example,
the UV light can be generated without providing external photons to the bgam path.

The stream can include a plurality of target material droplets, each separated
from one another along the trajeciory, and separale spatialiy-extended targst
distributions are produced from more than one of the droplets in the stream,

Thae first pulse of light can have a wavslength of 1.06 um. A cross-sectional
diameter of the spatialiy-extended farget distribution in the plane that is transverse fo
the direction of propagation can be 3 to 4 times larger than the cross-sectional diameler
of the first target material droplet.

The spatialiy-exiended target distribution can be produced a time period after the
first light pulse impacts the first target material droplet.

The first pulse of light can havve a duration of 10 ns. The amplified light beam
can have a fooi-to-foot duration of 400-500 ns.

The amplified Hght beam can have wavelength of 108 ym. The amplified light
heam can have a wavelength that is about ten times the wavelength of the first pulse of
fight.

The mathod can include sensing that a first targst material droplet in the stream

of droplets is betwesn the target material supply system and the target region.

The spatially-extended targst distribution can be in the form of a disk. The disk

can include a disk of molten metal.

The amplified light beam can interact with the spalially-extended target
distiibution to generale extrems ultraviolet (EUV} light without any cobherent radiation
baing produced.

The optic can be positioned at a side of the gain medium opposile to the target
incation io reflect light back on the beam path,
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in other general aspects, an extrems ultraviolet ight source includes an optic
positioned to provide light to a beam path; a target supply system that generates a
stream of target material droplets along a trajectory from the targe! supply system o 8
target location that intersects the beam path; a light source positioned lo iradiate a
target material droplet in the stream of target material droplets at a location that is
between the target supply system and the target location, the light source emitting light
of an enargy sufficient to physically deform a target material droplet into a spatially-
extended target distribution; a gain medium positioned on the beam path between the
target location and the optic; and a spatialiy-extended target distribution positionable to
at least partially coincide with the target location to define an optical cavity along the
beam path and betwsen the spatially-extended target distribution and the oplic. The
spatialiv-extended target distribution and the target material droplets comprise a
material that emits EUY light in a plasma state.

Implementations can include one or more of the following fealures. For example,
the target material can include tin, and the target material droplets can include droplets
of molten in,

The spatialiy-extended target distiibution can have a cross-sectional diameter in
a plane that is perpendicular to direction of propagation of an amplified light beam that
is produced by the optical cavity, and the cross-sectional diameter of the spatially-
extanded target distribution can be 3-4 times larger than a cross-sectional diameter of
the farget malerial droplet.

implementations of any of the techniguss describad above may inciude a
method, a process, a target, an assembly or device for genersting optical feedback from
a spatially-extended iarget distribution, 3 kit or pre-assembiled system for retrofitting an
existing EUV light source, or an apparatus. The details of ong or more implementations
ara set forth in the sccompanying drawings and the desoription befow. Other feates

will be apparent from the description and drawings, and from the daims,

DRAWING DESCRIPTION
FIG. 1 is a block dirgram of an exemplary laser produced plasma extrame

ultraviglet light source.
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FIG. 2 is a block diagram of an example of a drive lassr system that can be used
int the light source of FIG. 1.

FIG. 3 is a top plan view of a laser produced plagma exireme witraviolet (EUV)
Hight source and a lithography fool coupled to the EUY light source.

FIGS. 4-7 show side views of another exaemplary laser produced plasma exiremea
ultraviclet light source al four different imes,

FIG. 8 shows exemplary waveforms of a pre-pulse and a pulse of the amplified
light beam.

FiG. © is a flow chart of an exemplary process for enhancing power int an EUY
fight source using feedback from a spatiaily-exttended target distribution.

FiG. 10 shows another exemplary laser produced plasma extreme uliraviolet light

SOUIGE.

DESCRIPTION

Technigues are described that enhance power from an extreme uiiraviolet light
source with fesdhack from a target material that has been modified prior to entering a
target location into a spatialiy-extended target distribution or extended target. The
feedhack from the spatialiy-extended targe! distribution provides a nonresonant optics!
cavily because the geometry of the path over which fesdback oceurs, such as the
round-irip fength and direction, can changs in time, or the shape of the spatially-
axtended target distribution may not provide a smooth encugh reflectance. However, #
may be possible that the fesdback from the spatiaiiy-extended target distribution
provides & resonant and ooherent optical cavity if the geometric and physical constrainis
noted above are overcome. In any case, the feedback can be generated using
spontanaously smitted light that is produced from a non-oscillator gain medium,

in particular, the shape of a droplet of a targst material is modified as it travels
toward a target location with a pre-pulse oplical beam so that the reflectivity of the
modified target material when it reaches the target location is much greater than the
reflectivity of the targat material droplet. In this way, it is possible to provide feedback in
a beam path that includes a gain medium by krradiating the highly-reflective spatially-
axtanded target distribution with the light produced from the optical gain medium ifa
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reflacting optic is positioned o reflect ight on a beam path that intersects the targst
focation so that the miodified target material and the optic form an oscillating optical
pavity,

The oscillating optical cavity produced by the reflection off of the spatially-
extended target distibution can be considered a random lasar with inccherent feedback
if the light that reflects from the spatialiy-extended target distribution provides a
scattering suiface that reflects light along distinct paths so that the reflected light may
not retign to its original position {for example, al the reflecting optic) after ona round trip,
The spatial resonances for the electromagnetic field may be absent in such a cavity and
this, the feedback in such a laser is used to return part of the energy or photons to the
galn medium. In this scenario, many modes in the optical cavity interact with the gain
mediunt as a whole, and the statistical properties of the laser emission in this case ¢an
be approximated or close fo those of the emission of an exiramely bright black body ina
narrow range of a spactrum. Also, there may be no spatial coherence.

The farget material droplets are a part of a stream of target material that is
released toward the target location. The target location is on the axds of the beam path
and the optical gain madium. Prior to reaching the target lbcation, the pre-puiae oplical
heam irradiates the target material droplet to form the spatiaily-extended target
distribution, which is & modified shape of the target material such as a flallenad or disk-
shaped targel. The modified shape of the target material can be & mist, cloud of
fragments, or a hemisphere-like target that can have similay properties to a disk-shaped
target. in any case, the modified shape of the target material has a larger extent or a
farger surface area that faces the amplifisd light beam in the target location. Compared
to the original fargst matenia! droplet, the spatially-extended targst distribution has a
farger diameter and has a greater reflectivity. The spatially-extended target distrinution
arrives at the target location, which aligns with the beam path, and begins to generate
feadback in the gain meadium,

The osciliating optical cavity can be considerad a laser with some coherent
feadback if the light that reflects from the spatially-extended target distribution provides
a mn—&caﬁering' surface that reflacts light along the beam path so that some of the
reflected light returns to its original position (for example, at the reflecting optic) after

£33
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sach round trip. The spatial resonances for the electromagnetic fleld may be present in
such a cavity and thus, the feedback in such a laser is used io return more of the
enargy or photons to the gain medium.

The spatially-extended target distribution can be usad in a laser produced
plasma {(LPP) extreme ultraviolet (EUV) light sowrce. The spatialiy-extended target
distribution includes a target material that emits EUV light when in a plasma stale. The
target material can be a target mixture that includes a target substance and impurities
suich as non-target particles. The targst substance is the substance that is converted to
a plasma state that has an emission lne in the EUV range. The target substance can
be, for example, a droplet of liquid or molten metal, a portion of a fiquid stream, solid
particles or clusters, solid particles containad within fiquid droplets, a foam of target
material, or solid particles confained within a portion of a liquid stream. The {argst
substance, can be, for example, water, tin, lithium, xenon, or any material that, when
canverted to a plasma stale, has an emission line in the EUV range. For example, the
targst substance can be the alement tin, which can be used as pure tin {(Snj; as a tin
compound, for example, SnBry, BnBr, SnHy as a tin alloy, for example, tin-gallium
alfoys, tin-indium alloys, tin-indium-galium alloys, or any combination of these alloys.
Moreover, in the situation in which there are no impurities, the target material includes
only the target substance. The discussion below provides examples in which the target
material is a targe! material droplet made of molten metal. In these examples, the
target material is referred 1o as the targst malerial droplel. However, the target material
par take other forms.

With reference to FiG. 1, a general description of an exemplary laser produced
plasma {(LPP) extreme ultraviolet (EUV) light source 100 in which the techniques are
implamented is initially provided as background.

The LPP EUV light source 100 is formed by irradialing a target mixture 114 ata
target lacation 105 with the amplified light beam 110 thal travels along & beam path
toward the targe! mixture 114. The targst location 105, which is also referred to as the
irradiation site, is within an interior 107 of & vacuum chamber 130, When the amplified
light beam 110 strikes the target mixture 114, a target material within the target mixture

114 is convertad into a plasma state that has an selement with an emission line in the

a3
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EUV range. The created plasma has certain characteristics that depend on the
composition of the target material within the target mixture 114. These characteristics
can include the wavelangth of the EUV light produced by the plasma and the type and
amount of debris released from the plasma.

The light source 100 alse includes a farget material delivery system 125 that
delivers, controls, and directs the target mixture 114 in the form of liguid droplets, &
liquid stream, solid paricles or clusters, solid particles contained within liquid droplels or
solid particles confained within a liguid stream. The target mixiure 114 includes the
target material such as, for example, water, tin, ithium, xenon, or any material that,
when converted to a plasma state, has an emission line in the EUV range. For
example, the element fin can be used as pure tin {Sn); as a tin compound, for example,
SnBrg, SnBrs, Snby as a tin alloy, for example, tih-gallium alloys, tin-indium alloys, tin-
indium-gatiium alloys, or any combination of these alloys. The target mbdure 114 can
also include impurities such as non-target particles. Thus, in the situation in which there
are no impurities, the target mixturs 114 Is made up of only the target material, The
targst mixtire 114 Is defivered by the targst material delivery system 12§ into the
interior 107 of the chamber 130 and {o the targe! location 105,

The light sowrce 100 includes a drive lasar system 115 that produces the
amplified light beam 110 due o a population inversion within the gain rmedium of
mediums of the laser system 115, The light source 100 includes a heam delivery
system belween the laser system 115 and the target location 108, the beam delivery
system including & beam transport system 120 and g focus assembly 122, The beam
fransport system 120 receives the amplified light beam 110 from the laser system 115,
and steers and modifies the ampiified fight beam 110 as needed and outputs the
amplified light beam 110 to the focus assembly 122, The focus assembly 122 receives
the amplified Hight beam 110 and focuses the beam 110 {o the target location 105.

In some implementations, the laser system 115 can include one or more optical
amplifiers, lasers, andfor lamps for providing one o more main pulsas and, in some
cases, one or more pre-pulses. Each optical ampiifier includes g gain meadium capable
of optically amplifying the desired wavelength at 2 high gain, an excitation source, and

internal optics. The optical amplifier may or may not have laser mirrors or other

~
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feedback devices that form a laser cavity. Thus, the laser system 115 produces an
amplifiad light beam 110 due o the population inversion in the gain media of the laser
amplifiers even If there are no permanent feedback devices that form a laser cavity,
Moreover, the laser system 115 can producs an amplified light beam 110 thatis a
caherent laser beam if there is a laser cavity to provide snough feedback o the laser
system 115, The term "amplified light beam” encompasses one or more of. fight from
the faser system 115 that s merely amplified but lacks a peymanent optical feedback
device and thus, may not necessarily provide coherent laser oscillation, and fight from
the faser system 115 that is amplified (externally or within a gain medium in the
oscillator) and is also a coherent laser oscillation due fo a permanent optical feedback
device.

The optical amplifiers in the laser system 118 can include as a gain medium a
filling gas that includes GO, and cary amplify light at a wavelength of between about 8.1
um and about 11 um, and in particular, at about 10.8 um, at a gain greater than or equal
to 1000, In some examples, the optical amplifiers ampilify light at a wavelength of 10.68
pm. Suitable amplifiers and lasers for use in the laser system 118 can include a pulsed
laser device, for example, a pulsed, gas-discharge CO; laser device producing radiation
at about 8.3 um or about 10.8 um, for example. with DC or RF excitation, operating at
refatively high power, for example, 10 kW or higher and high pulse repetition rate, for
example, 50 kHz or more. The optical amplifiers in the laser system 115 can also
include a cooling system such as water that can be used when operating the laser
sysiem 115 at higher powers.

FIG. 2 shows a block diagram of an example drive laser system 180, The drive
laser system 180 can be used as the drive laser system 115 in the sowce 100, The
drive faser system 180 includes thres power amplifiers 181, 182, and 183, Anv orali of
the power amplifiers 181, 182, and 183 can inchide Internal optical elements (not
shown). The power ampilifiers 181, 182, and 183 aach include a gain medium in which
amplification ocoours when pumped with an external electrical or oplical sowce. For
sxample, each of the power ampilifiers 181, 182, 183 includes a patr of electrodes on
each side of a gain medium to provide an extemal electrical sourca. Additionally, a
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reflactive optic 112 is placed along a beam path defined between the amplifiers 181,
182, 183,

Spontaneously emittad photons from within the gain media of the amplifiers 181,
182, 183 can be scaitered by the spatialiy-exiended target distribution {(as discussed
helow) when the spatialiy-extended target distribution is within the target location, and at
least some of these scattered photons are placed on a beam path in which they travel
through each of the amplifiers 181, 182, 183, This beam path is described next,

Light 184 fravels belwsen the power amplifier 181 and the power ampiifier
through coupling window 185 of the powsr ampiifier 181 and a coupling window 188 of
the ampiifiar 182 by being reflectad off a pair of curved mirrors 1846, 188. The light 184
also passes through a spatial filter 187. The light 184 s amplified in the power amplifier
182 and directed out of the power amplifier 182 through another coupling window 180
as light 181, The light 181 travels between the amplifier 183 and the amplifier 182 as it
is reflected off fold mirrors 182 and enfers and exits the amplifier 183 through a coupling
window 183, The amplifier 183 amplifies the light 181 and the light 181 that exits the
amplifier 183 toward the beam transport system 120 travels through coupling window
184 as an amplified light beam 185, A fold mirror 196 can be positioned to direct the
amplified beam 195 upwards {ouf of the page) and toward the beam transport system
124,

The spatial filter 187 defines an aperture 187, which can be, for example, a
circular opening through which the light 184 passes. The curved mirrors 188 and 188
can be, for example, off-axis parabola mirrors with focal lengths of about 1.7 mand 2.3
m, respectively. The apatial filter 187 can be positionsd such thal the aperture 187
coincides with a focal paint of the drive laser system 180. The example of FIG. 2 shows
three power amplifiers, Howsver, more or fewer power amplifiers can be used.

Referring again to FIG. 1, the light source 100 includes a collactor mirror 135
having an apertire 140 to sliow the amplified light beam 110 to pass through and reach
the target location 108, The coliector mirror 138 can be, for example, an ellipsoidal
mirror that has a primary focus at the target location 108 and a secondary focus at an
intermadiate location 145 (also called an intermediale focus) where the EUY light can
be output from the light source 100 and can be input to, for example, an integrated
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cirouit baam positioning system tool {not shown). The light source 100 can alse include
an open-ended, hollow conical shroud 150 {for example, a gas cone) that tapers toward
the target location 105 from the collector mirror 135 {o reduce the amount of plasma-
generated debris that enters the focus assembly 122 and/or the beam transport gystem
120 while allowing the amplified light beam 110 to reach the target location 105. For
this purpose, a gas flow can be provided in the shroud that is divected foward the targst
lacation 105.

The light source 100 can also include a master controller 155 that is conngcted to
a droplet position detection feadback systen 1588, a laser conirol system 157, and a
beam control systermn 158. The light source 100 can include one or more farget or
droplat imagers 160 that provide an output indicative of the position of a droplet, for
example, relative to the targst location 105 and provide this output {o the droplet
position detection fesdback system 158, which can, for example, compute a dropist
position and trajectory from which a droplet position error can be computed either an a
droplst by droplet basis or on average. The droplet position detection feadback system
156 thus provides the droplet position error as an input 1 the master controfier 155,
The master controller 155 can therefore provide a laser position, direction, and timing
correction signal, for example, o the laser control systemn 157 that can be used, for
example, to conirol the laser timing circuit andlor to the beam control system 1588 o
control an amplified light beam positioh and shaping of the beam ransport system 120
o change the looation and/or focal power of the beam focal spot within the chamber
130,

The target material delivery system 125 inchides a target material delivery sontral
system 126 that is operable i response o a signal from the master controller 188, for
example, to modify the release point of the droplels as released by a target material
supply apparatus 127 to correct for errors in the droplets arriving at the desired target
incation 108,

Additionally, the flight source 100 can include a light source detector 185 that
measurss one of more EUV light parameters, including bt not limited o, puise snergy,
gnergy distribution as a function of wavelength, energy within a particular band of
wavelengths, energy oulside of a particular band of wavelengths, and angular

10
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distribution of EUV intensgity and/or average power. The light sowrce detecior 185
generates a feadback signal for use by the master controller 155, The feedback signal
can be, for example, indicative of the errors in parameters such as the timing and focus
of the laser pulses {o properly intercept the droplets in the right place and time for
effective and efficient EUV light production.

The light source 100 can also include a guide laser 175 that can be used to align
various sections of the lght source 100 or to assist in steering the amplified light beam
110 1o the target location 105, In connection with the guide laser 175, the light source
100 includes 3 metrology systern 124 that is placed within the foous assembly 122 1o
sample a portion of light from the guide laser 178 and the amplified light beam 110, In
othar implementations, the melrology system 124 is placed within the beam fransport
system 120, The metrology system 124 can include an optical element that samples or
re-directs a subset of the light, such optical element being made out of sny material thal
pan withstand the powers of the guide laser beam and the amplified light beam 110, A
beam analysls system is formed from the metrology system 124 and the master
contralier 185 since the master controfier 1585 analyzes the sampled light from the guide
faser 175 and uses this information to adjust components within the focus assembly 122
through the beam controf system 1568,

Thus, in summary, the light source 100 produces the amplified light beam 110
that is directad along the beam path when al least some of the spontaneously amitted
photons on the beam path from the laser system 115 are reflected from the spatially-
extended target distribution and from the reflecting optic 112 fo produce more light at
wavelengths within the gain band of the gain medium along the beam path to provide
lasar action in the laser system 118 {there is encugh stimulated emission). in this way,
enough energy is impartad to the targe! material within the spatialiy-extended target
distribution to thersby convert the target material info plasma that emits ight in the EUV
range. The ampiffied light beam 110 operates at a particular wavslength (thatis also
referred to as a scurce wavelength) that is determined based on the design and
properties of the laser system 115, Al least some of the amplified lightbeam 110 is
reflected back inte the beam path off of the spatially-exiended target distribution {o
provide fesdback into the laser system 118,

11
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Refarring to FIG. 3, a top plan view of an exemplary optical imaging system 300
is shown. The optical imaging system 300 includes an LPP EUY light source 306 that
provides EUV fight 308 {o 3 lithography tool 310, The light source 305 can be similar to,
andfor inolude some or all of the components of, the light source 100 of FIGS. 2A and
28,

The Hght source 305 includes a drive laser system 315, an optical element 322, a
pra-pulse source 324, a focusing assembly 326, a vacuum chamber 340, and an EUV
collecting optic 348, The EUV collecting optic 346 directs EUV lighl emilled from a
target location 342 to the lithography tool 310, The EUV collection optic 346 can be the
sollector mirror 135 (FIG. 1), and the {arget focation 342 can be al a focal point of the
collection optic 346,

The drive laser system 315 produces an amplified light beam 316, The drive
laser system 315 can be, for example, the drive laser system 180 of FIG. 2. The pre-
pulse source 324 emits a pulse of radiation 317, The pre-pulse source 324 can be, for
axample, a Q-swilched NAYAG laser, and the pulse of radiation 317 can be a pulse
from the Nd:YAG laser.

The optical element 322 dirscts the amplified light beam 316 and the pulse of
radiation 317 from the pre-pulse source 324 io the chamber 340, The optical element
322 is any slement that can direct the amplified light beam 318 and the pulse of
radiation 317 along similar paths and deliver the amplified light beam 316 and the puise
of radiation 317 {o the chamber 340,

The amplified light beam 318 is directed to the target location 342 in the chamber
340, The pulse of radiation 317 is directed to a location 341, The location 341 is
displaced from the target location 342 in the "= direction. In this manner, the pulse of
raciation 317 is & "pre-pulse” that can irradiale a target matetisl droplet at a location that
is physically distinet from the target location 342 at a time before i reaches the larget
focation 342

FIG. 4 shows a side view of an exemplary light source 400 that produces EUYV
light. FIG. 4 shows the light scurce 400 at a first time, sty FIGS. 5-7 show the light
source 400 at later times {slp, i=t, and t=l,, with each time being later than the

preceding time. FIGS. 4-7 show a target material droplet 405h ransforming info a
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spatialiy-extended targst distribution and subsequently providing mores photons along
the beam path that includes the gain medium o increase gain in ihé gain band of the
gain medium,

As discussed below, the light source 400 produces amplified Hight at wavelengths
within the gain band of the gain mediten 420 on a beam path 410 by forming an optical
cavity between a reflective optic 412 and a spatialiy-extended target distribution. To
create the spatially-extended target distribution, a target material droplet 405hb is
irradiated with a pulse of radiation 417 while the targe! material droplet 405h is between
3 target matarial supply apparatus 447 to a target location 442, Whaen the formed
spatialiy-extended target distiibution arrives at the target location 442, the optical cavity
{which may be non-resonant} is formed bebveen the optic 412 and the spatially-
extended target distribution.

Refarring to FIG. 4, the light source 400 includes the optic 412, an optical gain
meadium 420, & vacuum chamber 440, an EUVY collection optic 448, and a target
material supply apparatus 447. The light source 400 also can include one or more
droplet imagers 4680, and a droplet position detection feedback system 458, The tagsl
material supply apparatus 447 can be similar to the target material supply apparatus
127 (FIG. 1). The droplst imagers 480 and the droplet position detection feedback
system 458 can he similar to the droplet imagers 160 and the droplet pasition detection
foedback system 156 {(FIG. 1). The position defection fesdback system 4586 can include
an elgctronic processor and a tangible computer-readable medium that stores
instructions that, when executed, cause the electronic processor to determine a position
of g target material droplet based on information from the droplst imagers 460,

Al =1y (as shown in FIG, 4}, the target material supply apparatus 447 has
released the target material droplet 408b and a target material droplet 4053, The
droplets 405a and 405b trave! in the "% direction toward the target location 442, The
target location 442 is a location within the chamber 440 that corresponds to a focal point
of the EUV collection optic 448, The target location 442 algo inlersects the beam path
410, which is a path along which the reflective optic 412 divects light. The beam path
410 is defined by the configuration of the optical gain medium 420 and apertures and
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spatial filters that may be within the arrangement of the optlical gain medium 420, The
optic 412 can be, for example, a partially or completely reflective mirror.

The source 400 giso includes the optical gain madium 420, In the exampis of
FIG. 4, the optical gain medium 400 includes a plurality of optical amplifiers 420a, 4200,
and 420¢. Each of the optical amplifiers 420a, 420, 4200 includes a palr of electrodes
on each side of its respective gain medium o provide an exdernal electrical source. The
amplifiers 420a, 420b, and 420¢ can be similar to the amplifiers 181, 182, and 183
discussed with respect to FIG. 2. The optical gain medium 420 is coupled {o and partly
defines the beam path 410. That is, light that reflects from the optic 412 enters and ¢an
pass through the optical gain medium 420, Spontanecusly emitted photons from within
the gain media of the amplifiers 420a, 420b, and 420¢ can axit the gain medium 420
onto and along the beam path 410,

The source 400 also includes the one of more droplel imagers 460, which are
connactad to a droplet position detection feedback system 458, As the target material
droplet 405b travels to the target location 442, the imagars 460 measure data that the
droplet position detection feedback systern 456 uses {o determine a position of the
target material droplet 408h In the “X" direction.

Shortly before the target material droplet 405b reaches a localion that s a
distarnce “d” from the beam path 410 in the " direction, a puise of radiation 417 arrivas
at the lpeation and iiradiates the target material droplet 4050, The distance °d” is large
anough to enable the irradiated target material dropletl to adegualely change its shapse
before reaching the target bocation 442, The distance “d" can be, for example, between
about 100 um and 200 ym, or about 120 ym, »

The pulse of radiation 417 can he generated from a source that is similar to the
pra-puise sowrce 324 (FIG. 3A). in some implementations, the pulse of radiation 417
can have a wavelength of 1 micrometer (i), a pulse duration (measured as full width
at half maximum) of 10 nancseconds (ns}, and an energy of 1 md (millidoule}. In other
implementations, the puise of radiation 417 can have a wavelength of 1 ym, a pulse
duration of 2 ns {when measured using a full width at half maximum or FWHM metric),
and an energy of 0.5 md. In yet other implementations, the pulse of radiation 417 can
have a wavelength of 1 um, a FMHM pulse duration of 10ns, and an energy of 0.5 md.

14
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The pulse of radiation 417 ¢an have a wavelength of 1-10 pm, a FWHM duration of 10-
80 ns, and an energy of 10-580 md.

Referring fo FIG. 5, the source 400 is shown al time t=l,, a ime after the pulse of
radiation 417 strikes the target material droplet 408b. The impact of the pulse of
radiation 417 on the target material droplet 408b physically deforms the target material
draplet 405b into a geomelric distribution 508 that includes target material, The
geometric distribution 505 can be, for example, a region of molten melal with few or no
vpids. The geometric distribution 505 is elongated in the "X direction as compared 1o
the target material droplet 405b. The geomettic distribution 505 also can be thinner
along tha "2" direction than the target material droplet 4050,

The geometric distribution 508 continues to expand in the "X direction as it tavels
toward the target location 442,

Referring 1o FIG. 8, at the fime {=f;, the geomstric distribution 505 has expanded
into a spatialiy-extended target distribution 805 and is at a location just befare the beam
path 410 in the “x" direction. The disk shaped targat 805 arrives at the beam path axis
410 without being substantially ionized. That is, the spatialiy-extended targel
distribution 805 can be considered to be pre-formed before reaching the beam path axis
410,

The spatially-extended target distribution 805 has a longiiudinal extent 606 and
fatitudinal extent 607, The extents 808 and 807 depend on the amount of time slapsed
betwean t=t; {(when the targst malerial droplet 405h is struck by the pulse of radiation
4175 and t=t;, as well as the pulse duration and energy of the pulse of radiation 417,
The extent 608 generally increases as the amount of slapsed time increases. Foran
elapsad time of 2000 ns, the extent 806 can be about 80-300 ym. In comparison, a
similar dimension of the target material droplet 405a is about 20-40 ym.

Referring to FIG. 7, al the time =, the target 606 intersects with the beam path
410 and an optical cavity 702 (represented by the solid double arrowed ling} I8 formed
batweaen the target 805 and the oplic 412, The spontaneously emilted pholons on the
beam path are reflected from the spatialiy-extended target distribution 808 and from the
reflecting optic 412 fo produce more light in the gain band of the gais medium 420
along the beam path 410, and if encugh feedbaci is provided, the losses in the chain
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are overcome by the builldup from the feedback and all of the energy stored in the gain
medium s convarted into stimulated smission (lo produce the amplified light beam).
While the spatialiy-extended farget distribution 802 is In the target location 442 and thus
interaecis the beam path 410, the amplified light beam irradiates the spatially-extended
target distribution 602, In this way, encugh energy is imparted to the target material
within the spatially-extended target distribution to thereby convert the spatially-extended
target distribution 805 inlo plasma that srmifs light in the EUV range. And, this is done
without using a separate coherent light soures to provide the photons to the target
tocation.

Further, bacause the spatialiy-extended target distribution 605 has a greater
sxient 8086 than the targsl material droplet 408b from which the spalially-extended
target distribution 805 is formad, the spatially-extended target distribudion 605 reflects
more light back info the optical amplifiers 420, thereby enhancing the light production
within the gain band of the oplical ampiifiers 420, The light produced using the
spatialiv-extended target distribution 808 o form the optical cavily 702 can generate
about 2-10 times maore light than would be gensrated with the use an unmuodified targst
material droplet.

Additionally, because the spatially-extended target distribution 808 has a smaller
extent 8§05 in a direction along which the light heam propagates, the spatially-exiended
target distribution 605 & more easily converted into a plasma that emits EUV light. The
relative thinness of the extent 806 means that the spatially-extended target distribution
605 presents more target material to the light beam {the thin shape allows an incident
fight beam fo frradiate more of the targel maternial in the s;;aiéaiily«extended target
distribution). Consequently, more of the spatially-extended {arget distribution is
converted to plasma. This results in greater conversion efficiency and less debris.
Finally, & smaller initial target material droplet can be used because the technique of
using the pulse of radiation 417 {0 modify the physical shape of the target material
droplet 405h increases the extent 808, Using a smaller target material droplet can
improve the lifelime of the light source 400

FIG. 8 shows an example of a pulsed radistion beam 802 used fo deform a target
material droplet and a ight beam 804 that is produced using the deformed target
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material to form an oscillating optical cavity. The pulsed radiation beam 802 hasg &
wavelength of 1 um, 8 puise duration of 10 ns, and an energy of 1 mJd. The light beam
804 has a duration {measured along a haseline, for example foot-to-foot) of 400-500 ns.

FIG, 9 is a flow chart of an exemplary process 800 for producing an amplified
fight beam, The process 900 can be performed on any EUV light source that emits &
pulsed radiation beam capable of deforming a target matetial droplet. The sxample
process 800 is discussed with respest o the BEUVY light source 400.

A stream of {arget material droplets is released from the target material supply
apparatus 447 (§10). The stream of fargst malerial droplets includes the target material
droplets 405a and 408b. The stream of targe! material droplets is releasad ar emitted
foward the fargst location 442, The droplet position feedback system 458 may be used
{o determineg that the dropiet 408b is batween the target material supply apparatus 447
and the target location 442 (920}, An exampie of the target material dropiet 405b being
between the target supply apparatus 447 and the target location 442 is shown in FIG. 4.
in some implemeantations, the target material droplet 405k is displaced about 120 pm in
the “-x" direction when i is determined that the targst malerial droplet 405b is betwesn
the target supply apparatus 447 and the target looation 442,

The spatialiy-exiended target distribution 805 is produced (830}, Directing the
nidse of radiation 417 toward the target material droplet 4080 while the droplef 408b s
between the target supply apparatus 447 and the target location 442, and allowing the
rastlting physically deformed target material droplet to expand, produces the spatially-
aextended target distribution 805, As shown in FIG. 8, the inleraction between the pulse
of radiation 417 and the targe! material droplet 4080 deforms the droplet into the
geomelric distribution 508, A finite pericd of time passes after the interaction, and the
gaomatric distribudion BOS elongates while moving toward the target location 442 and
formas the spatially-extended target distribution 805, The pulse of radiation 417 is
directed toward the target material draplet 405b before it reachas the target location
442, in this manner, the target 805 s pre-formed and not substantially lonized when it
reaches the larget location 442,

As compared to the {arget malterial droplet 405b, the spatially-exiendsd target

distribution 805 has a greater cross-sectional diameter in a plane that faces an
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oncoming pulsed radiation beam. A plane that faces the oncoming pulsed radiation
beam can be a plane that is {ransverse o the direction of propagation of the beam. in
cther examples, the plane can be angled relative {o the direction of propagation of the
pulzed radiation beam at an angie that is not trangverse to the direction of propagation
but stilf allows the spatialiy-extended target distribution 808 fo reflect light back inte the
ampiifter 420. The larger cross-sectional diameter allows the spatialiy-exdended targst
distribution 805 {o reflect more light info the ampilifier 420 than the farget material
droplet 405b,

The reflective optic 412 Is positioned to reflect some of the light on the hesm path
410 (940}, The beam path 410 intersects the target location 442, Thus, when the
spatialiy-sxtended target distribution 805 coincides with the beam path 410 in spacs,
the spatially-extended target distribution 805 and the reflective optic form the optical
cavity 702, which may be non-resenant (FIG. 7). An ampiified light beam is produced
hetwaen the spatialiy-extended targst distribution 805 and the reflective optic 412 {B850),

The process 800 can be repeated with ancther target material droplet to improve
the gair or amplificalion of the gain medium 420, The second light heam can be formed
20-40 ns after the firsl. in this way, a train of light pulses can be generated by
repeatadly forming an oplical cavity between the reflecied optic 412 and spatially-
exiended targe! distribution that is formed by irradiating a target material droplet with a
puise of radiation,

FIG. 10 shows ancther exemplary EUV light source 1000, The EUV light source
1000 t= similar {o the EUV light source 400, and the EUV light sourse 1000 physically
transforms the target material droplet 405b info the spatislly-extended target distribution
805 by irradiating the target material droplet 4080 with the puise of radiation 417,
Howsver, the light source 1000 includes an exiernal iaser souwrce 1002, The external
laser source 1002 supplies photons to the optical path 410 that are within the gain band
of the amplifier 420.

There are faw ways that light from the source 1002 could be injectad, such as at
the other end of the chain of gain media 420, for example, through a hole in a turning
mdrror at the end. This light could reflect off of the spatially-exdended target distribution

first and then hack into the laser.
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The BEUY light source 1000 is shown at a time just bafore the spatialiy-extendsd
target distribution 605 reaches the target lpcation 442, When the spatially-extended
target distribution 805 reaches the targst lovation 442, additional pholons that are
supplied to the optical path 410 (fro reflection off the distribution 605) add to the pholons
that are emittad by spontanesus emission from within the amplifiers 420s, 420b, and
420¢. The photans from the laser source 1002 can be the same wavelength as the gain
band of the amplifiers 420a, 420b, and 420¢. The presence of additional phofons that
are amplified by the amplifiers 420a, 420b, and 420¢ can assist the generation of a light
between the spalially-extended target distribution 805 and the reflective oplic 412, For
axampls, as compared o 2 similar EUV light sowrce that lacks the laser source 1002,
the fight can be generated with less light reflected from the spatialiy-extended targat
distribution 805,

Other implementations are within the scope of the claims. For example, the
spatialiy-extended targe! distiibution 805 can have g shape that varies slightly from a
disk. The spatialiy-exiended target distribution can have one or more flatted sides
andfor an indented swiface, for example, The spatially-extended target distribution can
have a bowl-like shape.

in the example shown in FIG. 3, the drive laser system 315 and the pre-pulse
source 324 are shown as separaie sources. However, in other implementations, itis
possible that both the pulse of radiation 317 {which can be used as the puilse of
radiation 417) and the amplified light beam 318 can be generaled by the drive laser
system 315, In such an implementation, the drive laser system 318 can include two
CO; seed laser subsystems and ong amplifier. One of the seed laser subsystems can
produce an amplified light beam having a wavelength of 10.28 ym, and the other seed
laser subsystem can produce an amplifiad light beam having a wavelength of 10,88 ym.
Thess two wavelengths can come from different lines of the CO; laser. Both amplified
fight beams from the two seed laser subsystems are amplified in the same power
ampiifier chain and then angularly dispersed o reach differant locations within the
chamber 340, In one example, the amplified light beam with the wavelength of 10.26
um is used as the pre-pulse 317, and the amplified light beam with the wavelength of
10.59 pm is used as the amplified light beam 318, in other examples, other lines of the
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GO, laser, which can generate different wavelengths, can be used to generate the two
amplified light beams (one of which is the pulse of radiation 317 and the other of which
is the amplified lght beam 318).

The optical element 322 (FIG. 3} that directs the amplified light beam 216 and the
pulse of radiation 317 to the chamber 340 can ba any element that can direct the
amplified light beam 318 and the pulse of radiation 317 along similar paths. For
example, the optical element 322 can be a dichroic beamsplitter thal receives the
amplified light beam 318 and reflects # toward the chamber 340, The dichroie
heamsplitter receives the pulse of radiation 317 and transmits the pulses toward the
chamber 340. The dichroic heamspilitter can be made of, for example, diamend.

in other implementations, the optical slement 322 is a mirror that defines an
aperture. In this implementation, the ampiified fight beam 316 is reflacted from the
mirror surface and directed toward the chamber 340, and the pulses of radiation pass
through the apertuwre and propagate taward the chamber 340,

in still other implementations, a wedge-shaped optic (for example, a prism} can
be used to separate the main pulse 318, the pre-pulse 317, and the pre-pulse 318 into
differant angles, according to their wavelengths. The wedge-shaped optic can be used
in addition to the optical element 322, or it can be used as the optical glement 322. The
wadge-shapad optic can be positioned just upstream (in the "-2" direclion} of the
focusing assembly 326,

Additionally, the pulse of radiation 317 can be delivered o the chamber 340 in
other ways. For example, the pulse 317 can travel through optical fibers that deliver the
pitses 317 and 318 to the chamber 340 and/or the focusing assembly 328 without the
use of the oplical element 322 or other directing elements. in these implementations,
the fiber can bring the pulse of radiation 317 directly o an interior of the chamber 340

through an opening formed in @ wall of the chamber 340,

fod
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WHAT 18 CLAIMED &

1. A method comprising:

releasing 8 stream of targat matsrial droplets toward a targel region, the droplets
in the stream traveling along a {rajectory from g target matlerial supply sysiem to the
target region;

producing a spatialiy-extended target distribution by directing a first puise of light
along a direction of propagstion toward the first target material droplet while the first
droplet is between the target material supply apparatus and the targel region, the
impact of the first pulse of light on the first target material droplet increasing a cross-
sectional diameter of the first target malerial dropist in a plane that faces the direction of
prapagation and decreasing a thickness of the first target material droplet along a
dirsction thal is parallel to the direction of propagation;

positioning an optic to establish a beam path thal infersects the targe! location;

coupling a gain medium to the beam path; and

producing an amplified light beam that interacts with the spatially-extended targat
distribution to produce plasma that generates extieme ullraviolet (EUV) light by
scattering photons emilted from the gain madium off of the spatially-extended targst
distribution, at least some of the scatltered photons placed on the beam path {o produce

the ampiified light beam.

2. The method of claim 1, wherein the EUV light is generated without
providing external photons fo the heam path.

3. The method of claim 1, whersin the stream comprises a plurality of target
material droplets, each separated from one another along the rajectory, and separatle
spatiafiy-extended target distributions are produced from more than ons of the droplels

in the siream.
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4. The method of olaim 1, wherein the first pulss of light has a wavelength of
1.06 um.
5. The method of claim 1, wherein a cross-sectional diameter of the spatially-

extended target distribution in the plane that is transverse {o the direction of propagation
is 310 4 times larger than the cross-sectional diameter of the first target material droplet.

8. The method of claim 1, wherein the spatialhv-extended target distribution is
produced a time period after the first light pulse impacts the first target malerial droplet.

7. The meathod of claim 1, whearein the first pulse of tight has a duration of 18

8, The method of claim 1, wherein the amplified light beam has a foot-to-foot

duration of 400-500 ns.

8. The method of claim 1, wherein the ampiified light beam comprises light
having a wavelength of 10.6 pm.

10.  The method of claim 1, wherein the amplified light beam has light having &
wavelength that is about ten times the wavelength of the first pulse of light.

11.  The method of claim 1, further comprising sensing that 3 first target
material droplet in the stream of droplets is between the targst material supply systam

and the target region.

12.  The method of claim 1, wharein the spatially-extended target distribution is

in the form of a disk,

13.  The method of claim 12, wherein the disk comprises a disk of molten

matal,
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4.  The method of claim 1, wherain the amplified light beam interacls with the
spatialiy-extended farget distribution fo generale exirams uitravicle! (EUV} light without
arty coherent radiation being produced.

18. The method of claim 1, wherein the oplic is positioned at a side of the gain
rmedium opposite {o the targst bcation o reflact light back on the beam path.

18, An exireme ullraviolet light source comprising:

an optic positionad {o provide light to a beam pally;

a target supply system that generates a stream of target material droplets along
a trajeciory from the farget supply system {o a target location that intersects the beam
path;

a light source positioned {o irradiate a target material droplet in the stream of
target material droplets at & location that is belween the farget supply system and the
target location; the light source emitting light of an energy sufficient to physically deform
a target material droplet into a spatially-sxtended target distribution; -

& gain medium positionad on the beam path bebween the target locatlion and the
opiic; and

a spatialiy-extended target distiibution positionable to at least partially coingide
with the target location {0 define an optical cavity along the beamn path and between the
spatialiy-extended targst distribution and the oplic, whergin

the spalialiy-extended target distribution and the targst malerial droplsts

comprise a material that emits EUY light in a plasma state.

17.  The light source of claim 18, wherein the targe! material comprises tin,

and the targe! material droplate comprise droplets of molten tin.
18, The light source of claim 18, wherein the spatialiy-extended target

distribution has a cross-sectional diameter in a plane that is perpendiocular to direction of

prapagation of an amplified light beam that is produced by the optical cavity, and the
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cross-sectional diameter of the spatialiy-extended target distribution is 3-4 times larger
than a cross-sactional diameter of the {arget material droplet.
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