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(57) Abstract: Methods and apparatuses for creating and utilizing dual laser curtains from a single laser source in a laser produced
plasma (LPP) extreme ultraviolet (EUV) light system: to control droplet release and/or Irradiation are disclosed. A first set of sensors
comprising one or more sensors detect droplets of target material as they pass through one or more curtains to enable adjustment of”
the orientation of a droplet generator to more accurately direct subsequent droplets to the irradiation site, A second set of sensors
comprising one or more sensors detect droplets as they pass through one or more curtains to determine when a source laser should
generate a pulse so that the pulse will arrive at the irradiation site at the same time as the droplet.
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SYSTEM AND METHOD FOR CONTROLLING DROPLETS OF TARGET
MATERIAL IN AN EUV LIGHT SOURCE

Field of the Invention

o017 The present invention relates generally to laser produced plasma extreme
ultraviolst ight sources. More specifically, the invention relates 1o a methad and

apparatus for rradiating droplats of {arget material in an LPP EUV light source.

Backaround of the Invention

[002] The semiconductor industry continues {o develop lithographic
technologies which are able to print ever-smaller integrated clrcuit dimensions,
Extreme ultraviolet ("EUV") light {also sometimes referred to as soft x-rays}is
genarally defined fo be electromagnetic radiation having wavelengths of belween
10 and 120 nm. EUV lithography is currently generally considered to include
ELV light at wavelengths in the range of 10 — 14 nm, and s used o produce
axtremely small features, for example, sub-32 nm features, in substrates such gs
sificon wafers. These systems must be highly reliable and provide cost effective

throughput and reasonable process latitude.

{0031 Methods to produce EUV light include, but are not necessarily limited {o,
converting a material into a plasma state that has ons or more slements, 8.g.,
xenon, lithium, tin, indium, antimony, tellurium, aluminum, etc., with one or more
amission ine(s} in the EUY range. In one such method, often termed laser
produced plasma {("LPP"}, the required plasma can be produced by irradiating a
target material, such as a droplet, stream or cluster of material having the desired
fine-emitting element, with a laser pulse at an bradiation site. The target materigl
may contain the spectral ing-emitting element in a pure form or alloy form, for
sxample, an alioy that is g liquid at desirad temperatures, or may be mixed or

dispersed with another material such as a liquid.

4] A droplet generator heats the target material and extrudes the healed

target material as droplets which travel along a trajectory 1o the irradislion site to
i )
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intersect the laser pulse, ideally, the radiation site is at one focal point of a
reflective collector. When the lassr ;:suise hits the droplets at the radiation site,
the droplets are vaporized and the reflactive collector causes the rasulling EUV
light output {o be maximized at anather focal point of the collector.

[o0s] - In sarlier EUV systems, a laser light source, such as a CO;y laser souree,
is on continuously to direct a beam of light to the radiation site, but without an
output coupler so that the source bulids up gain but does not lase. When a
droplet of target material reaches the irradiation site, the droplet causes g cavity
to form between the dropist and the light source and causes lasing within the
cavity. The lasing then heats the droplet and generates the plasma and EUV
light output. in such "NoMO" systemns {called such because thaey do not have a
master oscilfator) no timing of the arrival of the droplet at the ivadiation site is

needed, since the system only lases when a droplet is present there,

[006] However, it is necessary to track the frajectory of the droplets in such
systems o insure that they arrive at the irradiation site. If the cutput of the
droplet generator is on an inappropriate path, the droplets may not pass through
tha irradigtion site, which may result in no lasing at all or reduced efficiency in
creating EUV energy. Further, plasma formed from preceding droplets may
interfare with the trajectory of succesding droplets, pushing the droplsts out of

the iradiation site.

[007] Some prior art NoMoe systems accomplish such tracking of the droplets by
passing & low power iaser through lenses o create a “curtain,” l.e., a thin plans
of laser light through which the droplets pass on the way 1o the irradiation site,
When a droplet passes through the plane, a flash is generated by the reflection
of the laser light of the plane from the droplel. The location of the flash may be
detected to determine the trajectory of the droplet, and a feedback signal sent to
a stearing mechanism o redirect the culput of the droplet generalor as
nacessary to keep the droplets on a trajectory that carries them to the irradiation

sife,
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1o08]  Other prior art NoMo systems improve on this by using two curtaing
between the droplel generator and the ivadiation site, one closer o the
irradiation site than the other. Each curtain is typically created by a separate
laser. The flash created as a droplet passed through the first curtain may, for
example, be used to control a “coarse” steering mechanism, and the flash from
the second curtain used o control a “fing” sieering mechanism, to provide
greater control over correction of the droplet trajectory than when only a single

curtain is ysed.

[009]  More recently, NoMO systemns have generally been replaced by "MOPA”
systems, in which a master oscillator and power amplifier form a source laser
which may be fired as and when desired, regardiess of whether thers is a droplet
prasent at the irradistion site or not, and "MOFA PP” ("MOPA with pre-puise”)
systems in which a dropletis sequentially iluminated by more than one light
pulse. in a MOPA PP system, a “pre-pulse” s first used to heat, vaporize oy
ionize the droplst and generate a weak plasma, followad by a “main pulse” which
corwverts most or all of the droplet material into a strong plasma to produce EUY

light emnission.

0010] One advantage of MOPA and MOPA PP systems is that the source laser
need not be on constantly, in contrast to a NoMO system, However, since the
spurce laser in such a system is not on constantly, firing the laser at an
appropriate tirme s0 as to deliver a droplet and a main laser pulse to the desired
irradiation site simultaneously for plasma inlliation presents additional timing and
control problams beyond those of prior systems. it is not only necessary for the
main laser pulses {o be focused on an iradiation site through which the droplet
will pazs, but the firing of the laser must also be timed so as 1o allow the main
laser pulses o intersect the droplet when i passes through that irradiation site in
order to obtairr 3 good plasma, and thus good EUY light. In addition, in a MOPA
PP aystem, the pre-pulse must target the droplel very accurately, and at a slightly

differant location than the irradiation site.
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(0011} What is needed is an improved way of confrolling hoth the trajectory of the
droplets and the timing with which they arrive at the rradiation site, so that when
the source laser is fired It will irradiate the droplets at the rradiation site,

Summary of the Invention

[on12] Disclosed herein are methads and apparatuses for controlling the

frajectory and timing of droplets of target material in an EUV light sowrce.

[0013] in one embodiment, a system is disclosad for iming the firing of 3 source
laser in an BUV LPP light source having a droplet generator which releases a
droplet at a predstermined spaed, the source laser firing pulses at an irradiation
site, comprising: a droplet lumination moduie comprising a first line laser for
generating a first laser curtain between the droplet generator and the irradiation
site; a droplet detection module comprising & first sensor for detacting a flash
from the first laser curtain when a droplet passes through the first laser curtain;
and a first controfler for determining, based upon the flash from the first laser
curtain, the distance from the second cuitain to the irradigtion site, and the speed
of the droplet, when the source laser should fire a pulse so as o radiate the
dropiet wher the droplets reach the frradiation site, and generating a iming

signal instructing the source laser {o fire at such time,

(00141 Another embadiment discloses a method for timing the firing of a sowrce
faser in an EUV LPP light source having a droplet generalor which releases a
droplet at a pradetermined speed, the source laser firing pulses at an irradiation
site, comprising: gansarating a first laser curtain, between the droplet generator
and the kradiation sile; detecting a flash from the first laser curtain when g
droplet passes through the first laser curlain; and determining, basead upon the
flash from the first laser curtain, the distance from the first curtain to the

irradiation site, and the speed of the droplet, when the source laser should fire a
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nulse so as o radiate the droplet when the draplet reaches the irradiation site,

and generating 3 timing signal instructing the source laser to fire at such time.

(00151 Sl another embodiment discloses a non-transitory computer readable
storage medium having embodied thereon instructions for causing a computing
device o execute a methad for timing the firing of a source lager in an EUY LPP
fight source having a droplet gensrator for sequentially generating droplats of
target material, the source laser firing pulses at an iradiation site to radiate the
droplets so as to creale a plasma, the method comprising: generating a first
laser curtain, betwsen the droplet generator and the irradiation site; detecting a
flash from the first laser cuwrtain when a droplet passes through the first laser
curtain; and determining, based upon the flash from the first {aser curtain, the
distance from the first curtain to the frradigtion site, and the speed of the droplet,
when the source laser should fire a pulse so as o radiale the droplet when the
droplet reaches the irradiation site, and generating a timing signal instructing the

souree laser to fire at such time.

100161 it one embodiment, a systerm is disclosed for fiming the firing of a source
taser in an extreme ultraviolet laser produced plasma (EUV LPP) light source
having a droplst generator which releases a dropiet at & known speed, the
source taser firing pulses af an iradiation site, comprising: a droplst llumination
module comprising a first line laser configured to generate a first laser curtain
hetween the droplet generator and the irradiation site; a droplet detection module
comprising a first sensor configured o detect a flash when the droplet passes
through the first {aser curtain; a first controller configurad {o; determing, based
upor the flash as detected by the first sensor, & known distance from the first
curtain to the frradiation site, and the known speed of the droplet, a time when
the source laser should fire a pulse so as {o irradiate the droplet when the droplet
reaches the irradiation site; and generale a liming signal instructing the sowree
laser to fire at the determined time; a second sensor configured to detect the
flash when the droplet passes through the first laser curtain; and 2 second

sontrofler configured {o determine, based upon the flash as detected by the
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second sensor, thal the droplel is not on 3 desired trajectory leading to the
radiation site and providing a signal indicating an adjustment (o a direction in
which the droplet generator releases a subseguent droplet which will place the

subsaquent dropiet on the desired trajectory.

100171 Another embodiment discloses a method for iming the firing of a source
laser in an EUV LPP light source having a droplst generator which releases a
draplet at a known speed, the source laser firing pulses at an irradiation site,
comprising: generating a first laser curtain located between the droplet generalor
and the irradiation sile; detecting by a first sensor a flash when the droplet
passas through the first laser curtain; determining from the flash as detected by
the first sensor that the droplet is not on g desired trajectory leading to the
irradiation site and providing a signal indicating an adjustment to a direction in
which the droplet generalor refeases a subsequent droplet which will place the
subsaguent droplet on the desired trajectory; detecting by a second sensor the
flash when the droplet passes through the first laser curtaln; and determining,
based upon the flash as detected by the second sensor, a known distance from
the first curtain to the Iradiation site, and the known speed of the droplet, a time
when the source laser should fire a pulse so as to irradiate the droplet when the
droplet reaches the frradiation gite, and generating 3 timing signal instructing the

source (aser {o fire gt the determined time.

{00181 Still another embodiment discloses a non-transitory computer readable
storage mediurm having embodied thereon instruyctions for causing a computing
device to exsouts a method for timing the firing of a sowrce laser in an EUV LPP
fight source having a droplet generator which releases a droplet at 3 known
spesd, the souwrce laser firing pulses at an iiradiation site, the method comprising:
gaenerating a first laser curtain lcated belwsen the droplet generator and the
irradiation site; detecling by a first sensor a flash when the droplet passes
through the first laser curtain; determining from the flash as delected by the first
sensor that the droplet is not on a desired trajectory leading to the irradiation site

and providing a signa! indicating an adjustment to a direction in which the droplet
=3 P o3 ;

o
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ganerator releases a subsequent droplet which will place the subsequent droplet
on the desirsd trajectory; detecting by a second sensor the flash when the
droplet passes through the first laser curlain; and determining, based upon the
flash ag delected by the second sensor, a known distance from the first curtain to
the irradiation site, and the known speed of the droplet, a time when the souwrce
laser should fire a pulse so as to irradiate the droplet when the droplet reaches
the radiation site, and generating a timing signal instructing the source laser 1o

fire gt the determined time.

(00191 In one embodiment, a system is disclosed for iming the firing of a source
laser in an exireme ultraviolet laser produced plasma (EUV LPP} light source
having a droplet generator which releases g droplet al an estimsted speed, the
source laser firing pulses at an irradiation site, comprising: a droplet Hlumination
modiule comprising a single line laser configured to generate a first laser curlain
and a second laser curtain, the first and second laser curtains being of
orthogonal polarizations and each located betweean the droplet generalor and the
irradiation site; a droplel detection module comprising a first sensar configured to
detect a flash when the droplet passes through the first laser curtain; a first
controfler configured 1o: determine, based upon the flash as detectad by the first
sensor, a known distance from the first curtain to the irradiation site, and the
estimated speed of the droplet, a time when the source laser should fire a pulse
so as o frradiate the droplet when the droplet reaches the radiation site; and
generate a Uming signal instructing the source laser to fire at the determined
fime; a second sensor configured {o detect the flash when the droplet passes
through the second laser curtain; and a second controller configurad to
determine, based upon the flash as detecied by the second sensor, that the
droplat is not on 2 desired frajectory leading to the irradiation site and providing a
signal indicating an adiustment to a dirsction in which the droplet generator
releases a subseguent droplet which wiil place the subsequent droplet on the

desired trajectory,

3
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ronzd Another embodiment discloses a method for timing the firing of a source
lasar in an EUV LPP light source having a droplet generator which releases a
droplet at an estimated speed, the source laser firing pulses at an iradiation site,
comprising: generating from a single laser source a first lager curtain and 3
second laser curlain, the first and second laser curtains having polarizations
orthogonal to each other and ncated belween the droplet generator and the
irradiation site; detecting by a first sensor a flash when the droplet passes
through the first laser curtain; determining from the flash as detected by the first
sensor that the droplet is not on a desired trajectory leading 1o the hradiation site
ard providing a signal indicating an adjustment {o a direction in which the droplet
generator releases a subsequent droplet which will place the subsequent droplat
on the desired tralectory; detecting by a second sensor the flash when the
droplet passes through the second laser curiain; and determining, based upon
the flash as detected by the second sensor, a known distance from the first
curtain o the irradiation site, and the estimated speed of the dropiet, a time when
the source laser should fire a pulse 5o as to iradiate the droplet when the dropilst
reaches the irradiation site, and generating a timing signal instructing the source

faser to fire at the delermingd time.

o021l Still another embaodiment discloses a non-fransitory computer readable
storage medium having embodied thereon instructions for causing a computing
device to exscute a method for iming the firihg of a source laser in an EUV LPP
light source having a droplet generator which releases a droplet at an estimated
speed, the sourse laser firing pulsss at an iradiation site, the method comprising:
generating from a single laser source a first lasgr curtain and a second laser
curtain, the first and second lager curtaing having polarizations orthogonail {o
gach other and located between the droplet generator and the wradiation site,
detecting by a first sensor a flash when the droplet passes through the first laser
curiain; determining from the flash as detected by the first sensor thal the droplet
is not on a desived bajectory leading to the irradiation site and providing a signal
indicating an adjustment to a divection in which the droplat generator releases g
subsequent droplet which will place the subsequent droplet on the desired

-
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frajectory; detecting by a second sensor the flash when the droplet passes
through the second laser curtain; and determining, based upon the flash as
detected by the second sensor, a known distance from the first cuptain to the
wradiation site, and ths sstimated speed of the droplet, a time when the source
taser should fire a pulse so as o irradiate the droplet when the droplet reaches
the irradiation site, and generating a liming signal instructing the scurce laser to

fire at the determined time,
Brief Desaription of the Drawings

0022] Figurs 1 is an lilustration of some of the components of a typical prior art
embodiment of an LPP EUY system.

0023 Figure 2 is a simplified iHlustration showing somes of the components of

another prior art embodiment of an LPP EUV system.

0241 Figure 3 is another simplified illustration showing some of the components

of another prior art embodiment of an LPP EUV system.

1o02s] Figure 44 is a simplified lustration of some of the components of an LPP
EUV system including a droplet ifiumination module and droplet detection module

according to one embodiment.

[0026] Figure 4B is a simplified Hustration of some of the components of another
LPP EUV system including a droplet lumination module and droplet detection
module according o one embodiment,

{00271 Figurs BA is a flowchart of a method of timing the pulses of a source laser

in an LPP EUY system according to one embodiment.

o028} Figure 5B is a flowshart of another method of timing the pulses of a source

laser in an LPP EUV system according o ancther embodiment.
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Detailed Description of the Invention

{00291 The present application describes a method and apparatus for improved
control of the trajectory and timing of droplets in a laser produced plasma (LPP)

extreme ullraviolet (EUV) light system.

100301 In one embodirnent, a droplet lumination module generates two laser
curtains for detecting the droplets of target material. The first curtain s used for
detecting the position of the droplets relalive to a desired trgjectory to the
irradiation site in order to allow steering of the droplets, as in the prior axt. The
second curtain is used to determine when the source laser should generate
piilses so that 8 pulse arrives at the irradiation site at the same time as each
droplet. A droplet detection maodule delects the droplels as they pass through
the second curtain and determines when the source laser should fire a pulse o

hit each draplet at the irradiation site.

{0031 it one embodiment, a dropdet lumination module generates two laser
curains for detecting the droplels of target material. Both curtains are used for
detecting the position of the droplets relative o a desired trajectory ta the
irradiation site in order {o allow steering of the droplets. If both curtains are
operating, one may be used for "coarse” steering and one for "fing” steering as in
prior art NoMao systems. However, In some embodiments, sither curtain may be
used independently for stesring, thus allowing for continued steering of draplels

should one curtain fail to fungtion for some reason.

(00331 One of the curlaing is also used to determine when the source laser
shiould generale pulses 50 that a pulse arrives at the iradiation site at the same
time as each droplet. A droplet detection module detects the droplets as they
pass through one of the curtains and determines when the source laser should

fire a pulse fo hit each droplet at the irradiation site.

[0033] The two curtains are generated by a single laser. To accomplish this, the

heam of the laser is split into two linearly polarized componeants, each of which i8

- 10 -
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polarized orthogonally to the other. One such component is used o genserate a
first curtain, and the other component is used to generate the other curtain, The
sensor associated with each curtain cordains a filler which allows the sensor fo
detect light from only the desired curtain, and also suppresses light from the

plasma.

{0034] In the case of a MOPA PP source laser, the combination of a pre-pulse
and main puise are hereafter referrad {0 as a single pulse, as the time between
them is much shorter than the Hime hetween successive pulses in a MOPA
source laser, Further, the pre-pulse is followed by the main pulse quickly enough
that, whern properly tirned, both will it g droplet. In one embodiment, the main
pulse hits the droplet at the radiation site and the pre-pulse at 3 location slightly
bafore the radiation site in the droplet trajectory. How to properiy irradiate a
droplet with both a pre-pulse and main pulse in this fashion is known {o those of

ordinary skilt in the art.

{0035] Figure 1 Hustrates a cross-section of some of the components of a typical
LPP EUV system 100 as is known in the prior art. A source laser 101, such as a
CQ; taser, produces a laser beam {(or a serles of pulses) 102 that passes through
a beam delivery system 103 and throught focusing optics 104. Focusing optics
104 may, for example, be compiised of one or more lenseas or mirrors, and has a
nominal focal spot at an vadiation site 105 within a plasma chamber 110, A
dropiet genaralor 108 produces droplsts 107 of an appropriate target material
that, when hit by laser beam 102, produces a plasma which emits EUV light. in
some embodiments, there may be multiple source lasers 101, with beams that alf

canverge on focusing optics 104,

(0036l hradiation site 108 is preferably located at a focal spot of collector 108,
which has a reflective interior sirface and focuseas the EUV light from the plasma
at BUY focus 109, a second focal spot of collector 108, For example, the shape
of collector 108 may comprise a portion of an elfipsoid. EUV focus 109 will

typically be within a scanner {not shown) containing pads of wafers that are to be

St -
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exposead o the EUV light, with a portion of the pod containing wafers currently
being trradiated being located at EUV focus 108,

0037 For reference purposss, three perpendicular axes are used {o represent
the space within the plasma chamber 110 as Hlustrated in Figure 1. The vertical
axis from the droplet generalor 108 to the irradiation site 105 is defined as the »-
axig; droplets 107 travel generally dowaward from the droplet generator 100 in
the x- direction to rradiation site 105, although in some casss the trajectory of
the droplets may not follow a straight fine. The path of the laser bsam 102 from
focusing optics 104 fo irradiation site 105 in one horizontal direction is defined as
the z-axis, and the y-axis Is defined ag the horizontal direction perpendicular o

the waxis and the z-axis.

00381 As above, in some prior art embodiments, g closed-loop fesdback control
system may be used to monitor the trajectory of the droplets 107 so that they
arrive at radiation site 108, Such a feedback system again fypically comprises
a laser {for example, a fine or fiber laser, and different from source laser 101}
which generates a planar curtain betwsen the droplet generator 106 and
irradiation site 105, for example by passing the beam from the laser through a
combination of spherical and cylindrical lenses. One of skill in the art will
appreciate how the planar curiain is created, and that although described as 2

plane, such a curtain does have a small but finite thickness.

N039] Figure 2 is a simplified illustration showing some of the components of a
prior art LPP EUVY system such as is shown in Figure 1, with the addition of a
planar curtain 202 which may be created by a laser {(not shown) as described
above, Curlain 202 extends primarily in the y-z plane, Le., the plane defined by
the yv- and z-axes {but again has some thickness in the x- direction), and is

lpcated belween the droplel generator 106 and irradiation site 104

0040] When a droplat 107 passes through curtain 202, the reflection of the laser
light of curtain 202 from the droplet 107 creates a flash which may be detected

by a sensor (in some prior art embodiments this is called a narrow field, or NF,

-12 -
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camera, not shown) and allows the droplet position glong the y- andfor z-axis to
be detected. i the droplet 107 is on a trajectory that leads fo the irradiation site
108, here shown as a straight fine from the droplet generator 108 {o iradiation

site 105, no action is required.

[0041] However, if the droplst 107 is displaced from the desired trajectory in
either the v~ or z~ direction, a logie circuit delermines the direction in which the
droplets should move so as o reach irradiation site 105, and sends appropriate
signals to one or more actuators o re-align the oullet of droplet generator 108 in
a different direction to compensate for the difference in trajectory so that
subseguent droplets will reach radiation site 105, Such feedback of the droplet
irajectory may be performed on a droplet-by-droplet basis, and correction
implemented on the trajectory within the mechanical adjustment capability of the
gquipment. The manner of such feedback and correction are known to ong of

skill in the art.

f0042) As above, in some cases i is desirable to have two curtains, In the prior
art, it is known for these curtaing 1o be gensrated by separate lasers. Figwe 3 is
another simpilified Hlusiration again showing soms of the components of a prior
art LPP EUV system such as is shown in Figure 1, bul now with two planar
curtains, a first curtain 302 and a second curtain 304, both between droplet
generator 106 and ivadiation site 105, Curtains 302 and 304 sach function
similardy 1o cwrtain 202 in Figure 2, generating a flash of taser light reflected from
a droplet 107 when it passes through each curtain, Two sensors are lypically
used to detect the flashes from the respective curlains and provide feedback

signais,

10043] As above, the two curtains 302 and 304 are typically at differant distances
from bradiation site 105, For example, in one embodiment, curtain 302 may be
15 mm from radiation site 1085, while curtain 304 may he only 10 mm from
irradiation site 105, As ancther embodiment, curfain 302 may for example be
farther from lrradiation site 105 than curtain 304, Again, both curtains are
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between droplet generator 106 and iradiation sife 105, The use of two curtains
may alfow for better determination of the trajectory of the droplets 107, and thus
for beller control of any appropriate corrections to the trajectory. In some
embodiments, curtain 302 may be usad to contrpl “coarse” steering provided by,
for example, stepper motars, as it is further from radiation site 105, and curtain
304 may be used to control “fine” steering provided by, for example, plezoslectiic

fransducer {("PZT™) actuators,

(0044] As is known in the art, while the laser curtains have a finite thickness, itis
oreferable to make the cuwrtaing as thin as is practical, singe the thinner a curlain
is the more light infensity it has per unit of thicknass {given a specific lager
source), and can thus provide better refiections off the droplsts 107 and allow for
more accurate determination of droplet position. For this reason, curlains of

]

about 100 microns {measured FWHM, or “fulbwidth at hall-maximum,” as known
in the art) are commonly used, as itis not generally practical to make thinner
curtaing. The droplets are generally significantly smaller, on the order of 30
microns or 8o it diameter, and an entire droplet will thus easily fit within the
thickness of the curtain. The “flash” of laser light reflecied off of the dropletis a
function {theoretically Gaussian) that increases as the droplet first hits the
curtain, reaches a maximum as the draplet is fully contained within the curtain

thicknsss, and then decreases as the droplet exils the curtain.

[0045] As is also known in the art, it s not necessary that the curtain{s) extend
across the entire plasma chamber 110, but rather need only extend far enough to
detect the droplets 107 in the area in which deviations from the desived trajectory
may ocour, Whaere two curlaing are used, one curlain might, for example, be
wide in the y- direction, possibly over 10 mm, while the other curtain might be
wide in the z- direction, even as wide ag 30 mm, so that the droplets may be

detacted regardiess of where they are in that direction.

{1046} Again, one with skill in the art will understand how {o use such systems to

corract the trajectory of droplets 107 o insure thal they arrive at iradiation site

-14 -
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105, As above, in the case of NoMUO systems, this is all that i3 required, since
again the droplets 107 themselves form parl of a cavity, along with a light source
that is continuously on such as a CO; laser source, to cause lasing and vapotize

the target material,

0477 However, the use of two separate lasers to create curtains 302 and 304 is
not particularly efficlent. In such implementations, the lasers are typically of
different wavelengths, so thatl the sensors for each curtain may selected o be
more responsive to the wavelength of the respeclive curtain so as to betler
detect the flashes from droplets passing through the desired curiain, and not
those passing through the other curtain, Further, the plasma flashes from the
iradiation sile 105 contain all wavelengths of light, thus further increasing the
possibility of erronecus signals. Finally, the need for two lasers causes further

complexity, for example the need for more viewports in the vessel.

[0048] In some instances, the laser usad o generate a curlain may have a power
of up to 50 watlls each, which aliows for excellent droplet detection. in fact, such
power would be sufficient to generate both curtains. A simple beam splitter is not

appropriate, since in such a case both curtains would be of the same wavelength

and polarization, thus exacerbating the detection issuss mentioned above.

(00491 In one embodiment this problem is solved by splitting a laser beam from a
single laser using a polarizing beam splitter (PBS), resulting in two beams of
inear polarization, each polarization heing orthogonal o {i.e., offset by 8D
degrees from) the other. One beam crealss the first curlain 302, while the other
haam creates the other curtain 304. Polarizing filters are used in connection with
the sensors 8o that sach sensor receives fashes from the appropriate curtain at
full intensity, while flaghes from the other curtain, and from the plasma at

rradiation site 105, are greatly suppressed or eliminated.

050y In this way, a single laser, and thus a single wavelength, may be used to

generate both curtains at high power, providing for spead of detection and signal
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fidelity, while reducing the complexity of the system, at only g small cost in the
addition of some oplical components, Le., the PBS and polarizing filters,

(00517 I addition to the above, in MOPA systems, source laser 101 is typically
not on continuously, but rather fires laser pulses when asignaltoe do so s
received. Thus, in order to hit discrete dropists 107 separately, # is not only
necessary to cotrect the trajectory of the droplets 107, but also to determine the
time at which a par&icuiar droplet will arrive al irradiation site 105 and send a
signal {o source laser 101 o fire at a time such that a laser puise will arrive at

irradiation site 108 s-émui‘ianeousiy with a droplet 107,

(00521 In particular, in MOPA PP systems, which generate a pre-pulse followed
by a main pulse, the droplet must be targeted very accurately with the pre-pulss
in arder to achieve maximum EUV energy when the droplet is vaporized by the
main pulse. Afocused laser beam, or string of pu?ses, has a finlte “waist,” or
width, i1 which the beam reaches maximum intensity; for example, a COg las
used as a source lasser lypically has a usable range of maximum intensity of

about 10 microns in the »- and y- directions.

00531 Since it s desirable fo hit a droplet with the maximum intensity of the
source laser, this means thal the positioning accuracy of the droplet for
irradiation by ths pre-pulse must be achisved {o within about + 5 microns in the x-
and y- diractions when the laser is fired. There is somewhal more fatitude in the
z- dirgction, as the region of maximum intensity may extend for as much as abouwt
1 mm in that direction; thus, accuracy to within + 25 microns is generally
sufficient; there is also more latitude at the irradiation site. One of skill in the art
will appreciate that other embodiments may have different tolerances than those

described herein,

[0054] The speed {and shape) of the droplels may be measured asis known in
the art, and is thus known; droplets may travel at over 50 melers per sscond.
{One of skill in the art will appreciate that by adjusting the pressure and nozzle

size of the droplet generator the speed may be adjusted.) The position

<36~
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requirement thus also resulls in g timing requirement; the droplet must be
detected, and the laser fired, in the time it takes for the droplet to move from the

paint at which it is detected {o the radiation site.

10055] One embodiment of an improved system and method of droplet detection
provides a robust solution for luminating and detecting the droplaets, thus
ensuring the correct timing of irradiation of the droplets by the sotrce laser. A
high quality droplet lumination laser of adjustable power, efficient light collection
of reflections from the droplets, and protection of the aperture through which the
droplet llumination faser is introduced into the plasma chamber are combined to
achieve this result.

100561 Figure 44 is a simplified ilustration of an LPP EUV system according to
ane embodiment. System 400 contains elements similar 1o those in the system
of Figure 1, and additionally includes a droplet illumination module (DM} 402 and
a droplet detection module (DDM} 404, As described above, droplet generator
108 creates droplets 107 which are intended to pass through irradiation site 105,
where they are iradiated by pulses from source laser 101, (For simplicity, some

alements are not shown in Figure 4A.)

(00571 In the HHlustrated embadiment, DIM 402 contains two lasers having
different wavelengths. A first laser 406 in DIM 402 is a line laser with for
axample, an cutput of 2 walls and a wavelength of 806 nm, and gensrates g first
laasr curiain 412, The second laser 408 is a fiber laser source with greater
power, for example, an adjustable output of about 5 to 50 watlts and a
wavelength of 1070 nm, and generales a second laser curlain 414, In some
embodiments, the sscond laser 408 may also have a built in low power guide
laser of, for example, 1 milliwatt and a wavelength of 835 nm. Lasers of different

types, wavelengths and powsr may be used in some embodiments.

[0058] Both laser curtains 412 and 414 are generally planar, extending primarily
in the v~z directions, but again having some thickness in the x-direction. The two

curtaing 412 and 414 are both located between the droplet generator 106 and
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irradiation site 105, and are generally perpendicular to, and slightly separated in,
the x-direction. in some embodiments, curtain 412 may be located about 10 mm
from radiation site 105, while curtain 414 may be located about § mm from

irradiation site 108.

10591 The beams from the two DIM lasers 408 and 408 enter the plasma
chamber through a viewport 410 in the DIM. The viewport may have a pellicle,
L.e., a thin glass slement that acls as g protective cover for the viewpuort, with a
cogting that transmits the two wavelengths of the two DIM lasers 406 and 408
and reflects the wavelsngth of the scattered fight from the source laser 101; this
helps to keep the pellicle from heating up as a result of radiative heat from the
source laser 101, as well as preventing distortion of the beams from DIM lasers
408 and 408. The psilicle coaling also helps {o protect the viewport 410 from

target material debris in the chamber.

006607 in addition to the pellicle coating, the DIM alse contains a port protection
aperture 416 that further protects the pellicle and viewport from target material
debris 80 as o increase the fetime of the pellicle and viewport and minimize
downtime of the EUV system. In the ilusirated embodiment, port protection
aperture 416 comprises multiply-stacked metallic elements, sach having a siit
that significantly imits the fleld of view through the viewpaort to the x-v planes in

which the respective laser curlains are to exiend.

61l In one embodiment, the matallic slements of port protection aperture 4186
are a pluralily of stainless steel plates (stainless steel deforms less due o heat
than aluminum), each plate separated from the next by approximately ¥z inch or
maore, and sach about 2 mm thick. Three such plates are illustrated in Figure 4A.
Each plate extends across viewport 410 in the %- and y- directions, and has a slit
that is wide encugh in the x- and y- directions {o allow DIM lasers 406 and 408 to
oraject laser curtains 412 and 414. This may be seen by the dashed portions of

port protection aperure 418, which represent the slits in the plates. Since there

T
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are multiple plates, in some embodiments the plate farthest from the viewport

may be as much as one foot away.

0062} Because iradiation site 105 is offset from laser curtains 412 and 414 in
the x- direction, Le., further along the trajectory of droplets 107, debris coming
from the direction of the irradiation site 105 will arrive al port protection aperiure
418 at an angle to the plates of port protection aperture 416, rather than being
perpendicular to the plates as is the case with DIM lasers 408 and 408, As g
result, any debris that makes it through the siit in the first plate of port pratection
aperiure 416 will not be raveling in a fing that would pass directly through the
remaining slits, and most of such debris will thus be blocked from reaching

viewport 410,

[0063]  As above, when droplets 107 passes through either curtain 412 or 414,
flashes are created by the reflection of the laser energy in the respective curtain
off of each droplet 107 and may be detected by sensors. Using lasers of
different wavelengths afiows the respective sensors that detect flashes from gach
curtain to be optimized for each wavelength and thus enhance detection of

flashies from only the curtain corresponding to each sensor.

10064] DIM laser 408 generates first laser curlain 412; the flashes created as
successive droplets 107 pass through curtain 412 are detected by a first sensor
428, which may be a camera, and which is able {o detect the position of droplets
107 in the vz plane and provide such information to an actuator for droplet
generator 106 as feedback to be used for droplet steering as in the prior art and
described above. Sensor 428 may utilize a filter which passes the wavelength of
DIM laser 408 and absorbs other wavelengths with a high contrast ratio so as o

protect sensor 428 from plasma emissions from irradiation site 105.

ooss] DIM laser 408 similarly generates second laser curlain 414 that also
results in flashes when droplets 107 pass through i) these flashes are detected
by a second sensor 430, which may again be a camera and similarly provides

irformation about the position of the droplats in the y-z plane. Sensor 430 may

218
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similarly utilize a fiiter which passes the wavelength of DIM laser 408 and
absorbs other wavelengths for protection from plasma emissions. Sensor 430
may uss the flashes from curlain 414 {o provide for additional control over the
frajactory of droplets 107 as in the prior arl. In some embodiments, curtain 412
may be used to conlrol a "coarse” adjustment of the droplet stesring mechanism,

and curtain 414 used to control a "fing” adjustment of droplet steering.

10066} In addition, curtain 414 is also used for timing the firing of the sowrce laser
101 so that a laser pulse arrives at irradiation site 105 st the same time as a
droplet 107, and thus that droplet 107 may be vaporized and generate the EUY
plasma. As noted above, DIM laser 408, which creales cur‘éain 414, is preferably
of a higher power than DIM laser 406, This will allow the flashses created by
reflections when droplets 107 pass through curtain 414 to be brighter than the

flaghes from curlein 412.

{00671 When a droplet 107 passes through curtain 414, the flash ofealed is also
detected by DDM 404; however, unlike sensors 428 and 430, DDM 404 does not
need o detect the position of the droplet in the v-z plane, since i is used only for
timing and not for stesring. For proper operation, DDM 404 should only record
flashes from droplets 107 passing through curtain 414, and should ignore flashes
from curtain 412 or plasma light from irradiation site 1058, DDM 404 should thus
ba configured in a way that it is able to accurately distinguish these various
gvents, In one embodiment, DDM 404 conlains a collection lens 418, g spatial
filter 420, a slit aperture 422, a sensor 424, and an amplifier board {not shown} o
boost a signal from the sensor 424, I desired, DDM 404 may also include g port
protection aperture {not shown) constructed in a similar fashion to the port
protection aperture 416 shown for DIM 402 above, and located between
collection lens 418 and sensor 424

[0068] Collection lens 418 is oriented to collect fight from the flashes created
when droplats 107 pass through curtain 414 and focus that light on sensor 424,

while plasma light fromn rradiation site 105 will not be focused on sensor 424 in
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the same way since i is coming from a different direction than from curlain 414,
Slit aperture 422 is alse orlented such that the fight from curtain 414 focused by
coflection lens 418 will pass through to sensor 424, but plasma light from
iradiation site 105 will be slightly further defocused, For further protection of
sensor 424, there may be a viewport and pellicle between slit aperlure 422 and

sensor 424 i desired.

10069] Sensor 424 may be, for example, a silicon diode, and is preferably
optimized to detect light at the wavelength of laser diode 408, 1070 nm {or such
other wavelength as may be chosen for laser dinde 408), and not light at either
the wavelength of laser diode 406 or the plasma light created st irradiation site
105. In combination with the greater power of the DIM laser 408, this
configuration and the otlentation of collection lens 418 and slit aperture 422
ensures that DDM 404 accurately and raliably detects each flash oreated when a
droplet 107 passes through curtain 414, while ignoring flashes created when a
droplst 107 passes through curtain 412 as well as the plasma light created at

irradigtion site 105,

100707 When such a flash is received by sensor 424, a liming module 426 {(e.g., &
fogie circuit) calculates the time it will take for the droplet 107 that creatad the
raceived flash fo reach iiradiation site 105 based upon the distance from curtain
414 to irradiation site 108 and the speed of the droplet, which is again known.
Timing module 428 then sends a timing signal to source laser 101 which instructs
source laser 101 to fire at a time calculated to result in a laser pulse arriving at
irradiation site 105 at the same time as the current droplet 107 so that droplet

117 may be vaporized and create BUY plasma.

(00717 In a typical NoMO LLP EUV system, the droplet generator may generate
draplets 107 at a rate of 40,000 per second {40 KMz}, while a MOPA PP system
may use a rate of 50,000 KHz or higher. Al a rate of 40,000 KHz, a droplst is
thus generated every 25 microssconds. Sensor 424 must thus be able to

recognize a droplet and then be prepared to recognize the next droplet within
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that time period, and timing module 428 must similarly be able to calculate
droplet timing and generate and send a timing signal and be wailing for the next

droplet te be recognized in the same time period.

[o072] Further, if droplets fly at 50 meters per sgcond, and curtain 414 is & mm
from Irradiation site 108, a droplet will reach irradiation site 105 10 millissconds
aftar it passes curtain 414, Thus, a droplet must be sensed by DOM 404, &
timing signal generated by timing module 426, that signal sent to source lasey
101, and a pulse fired by source laser 101 in time for the pulse o fravel to
irradiation site 105 in that 10 millissconds. In some embodiments, droplets may
fiy at even faster speeds. A person of ordinary skill in the art will appreciate how
this may be done within such a time period, and with sufficient accuracy that the

ulse will hit the droplat.

00731 Again, the signal of a droplet 107 passing through a curlain is a Gaussian
curve that is determined by the curtain beam shape cross-section. The height
and width of the Gaussian curve are a function of the droplet size and velodity,
raspectively. However, the curtain thickness of 100 microns or more is
significantly greater than the droplet size of 20-35 microns, and the actual shape
of the droplet can be shown to be rrelevant. Furlher, the reflection of the droplet
while it passes through the curtain is integrated, so that high frequency surface

changes of the droplet will average out.

(00741 One of skill in the art will alse appreciate that while Figure 4A is shown as
a cross-section of the sysiem in the x-2 plans, in practice tha plasma chamber
110 is often rounded or cylindrical, and thus the components may in some
embodiments be rotated around the periphery of the chamber while maintaining

the functional relationships described herein.

0075] Figure 4B is a simplified fllustration of another LPP EUY system according
to one embodiment. Systern 450 contains elements similar to those in the
systern of Figure 1, and additionally includes a droplet Hlumination module (DIM)

iy
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452 and a droplet detection module {DDM) 454, As described above, droplet
generator 106 creates droplets 107 which are intended to pass through
irradiation site 105, where they are radiated by pulses from source laser 101,
{For simplicity, some slements are not shown in Figure 48.)

ina7e] In the Mustrated embodiment, DIM 452 containg a single laser source 458
suich as a fiber laser with, for example, an output of about 50 walls and a
wavelength of 1070 nm. In some embodiments, the laser 456 may also have a
built in low powsr guide laser of, for example, 1 milliwall and a wavelength of 6356
nm. Lasers of different types, wavelengths and powsr may be used in some

embodimeants.

(00771 The beam from laser spurce 458 is split by polarizing beam splitter (P8BS}
458 into two heams of orthogonal polarization, each beam thus having a power
of about 25 walls and a polarization orfhogonal to the other beam. One of the
beams generates a first faser curtain 462, and the other beam generates a
second laser curtain 484, as llustrated by the differing dashed lines in Figure 4B.
Optical components such as mirror 486 may be used to direct the beams {o the
optics {not shown) which create the respective laser curtains, One of skil in the
art will appreciate that there are other ways of spiitting a beam into two beams of
orthogonal polarization, for exampie, diffractive gratings in reflactive designs,
sheet polarizers, and optically active crystals, and that each of these will have

differing advantages and disadvantages for the desired application.

[0078] Both laser curtains 462 and 464 are generally planar, extending primarily
in the y-z directions, but again having some thickness in the x-direction. The two
curtains 482 and 484 are both located belween the droplet generator 106 and
rradiation site 105, and are generally perpendicular 1o, and slightly separated in,
the x-direction. In some embodiments, curiain 462 may be localed about 10 mm
fromm irradiation site 105, while curtain 484 may be located about 5 mm from

irradiation site 105,
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(00791 The beams from the DIM laser 456 enter the plasma chamber through a
viswport 460 in the DM, The viewport may have a peliicle, Le., a thin glass
stement that acts as & protective cover for the viewport, with a coaling that
transmits the wavelength of the DIM laser 456 and reflects most wavelengths of
the scattered light from the source laser 101; this helps to keep the petlicle from
heating up as a resull of radiative heat from the source lasey 101, as well as
preventing distortion of the beams from DIM laser 458, The pellicle coaling also

helps to protect the viewport 4680 from target material debris in the chamber,

0080} In addition to the pellicle coating, the DIM also contains a port protection
aperture 466 that further protects the pellicle and viewport from target material
dabris 50 as to increase the lifetime of the psflicle and viewport and minimize
downtime of the BEUV system. In the Hllustraled embodiment, port protection
aperture 466 comprises multiphy-stacked metallic elements, each having a slit
that significantly limits the field of view through the viewport io the x-y planes in

which the respective laser curlains are o extend.

0081 in one embodiment, the metallic slements of porl pratection aperture 466
are a plurality of stainless steel plates (stainless steel deforms less due to heat
than aluminum), each plate séparated from the next by approximately ¥ inch or
more, and each about 2 mm thick. Thres such plates are illustrated in Figure 4B,
Each plate extends across viewport 460 in the »- and v~ diractions, and has a slit
that is wide enough in the x- and y- directions to aliow DIM laser 458 to projact
laser curtains 462 and 484, This may be seen by the dashed portions of port
protection aperture 466, which reprasent the slits in the plates. Since there are
mudtiple plates, In some embodiments the plate farthest from the viewport may be

as much as one foot away.

[0082] Because hradistion site 108 is offsel from laser curtains 462 and 484 in
the x- direction, Le., further along the trajectory of droplsts 107, deltwis coming
from the divection of the iradiation site 105 will arrive at port protection apertive

468 at an angle to the plates of port protection aperture 488, rather than being

R
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perpendicular to the plates as is the case with the beams from DIM laser 458, As
a result, any debris that makes it through the slit in the first plate of port
protection aperture 466 will not be traveling in a line that would pass direclly
through the remaining slits, and most of such debris will thus be blocked from

reaching viewport 460,

HO0R3D As at}m«;e, when droplets 107 passes through elther curfain 462 or 464,
flashes are created by the reflection of the laser energy in the respective curtain
off of each droplet 107 and may be detecied by sansors. Using beams of
different polarization allows the respsctlive sensors that detect flashes from each
curtain to be optimized for each polarization and thus enhance detection of

flashes from only the curtain corresponding to each sensor,

N84} First laser curtain 462 is generated from one of the beams of orthogonal
polarization from DIM laser 458 as above. The flashes created as sucoessive
droplets 107 pass through curtain 482 are detected by a first sensor 478, which
may be a camera, and which is able to detect the position of draplets 107 in the
y-z plane and provide such information to an actuator for droplst generator 106
as feedback o be used for droplat steering as in the prior art and described
above. Sensor 478 may utilize a filker 482 which passes the wavelength and
pofarization of the first beam of DIM laser 456 and absorbs other wavelengths
and polarization with a high contrast ratic so as o protact sensor 478 from
plasma emissions from irradiation site 105 while allowing accurate detection of

flashes from laser curtain 462,

{0851 The ssecond laser curtain 4684, similarly generated from the other beam of
arthogonal polarization from DIM laser 458, also resulls in flashes when droplets
107 pass through it; these flashes are detected by a second sensor 480, which
may again be a camera and simifarly provides information about the position of
the droplets in the y-2 plane. Sensor 480 may similarly ulilize a filter 484 which
passes the wavelength and polarization of the second beam of DIM laser 456

and absorbs other wavalengths and polarization for protection from plasma
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amissions. Sensor 480 may use the flashes from curtain 464 o provids for
additional control over the trajectory of droplets 107 as in the prior arl. In some
ambodiments, curtain 482 may be used o control a “coarse” adjustment of the
draplet steering machanism, and curialn 464 used to control a “fine” adjustment

of droplet stearing.

{0086] One of skill in the art will appreciate that splitting the beam from laser 456
info two beams of orthogonal polarization and creating laser curlains 467 and
464 from the separate beams has the bensfit of imiting crosstalk in image
processing, while still allowing each laser curtain {o be oplimized for its position
with respect to the irradiation site, 1t will also be appreciated that while beams of
sufficient power are easily oblained by using a YAG laser with g wavelength of
1070 rwn for laser 458, a different wavslength may be selected. However, whils
cormpnercial sificon based sensors are less sensitive at 1070 nm than some other
wavelengths, it is believed that it is also more difffcult to find fiber lasers of
sufficient power at the wavelengths at which such sensors are most efficient.
One of skill in the art will be able to determine whether some other wavelength is

more appropriate.

[0087] In addition to monitoring the trajectory of the droplets, curtain 484 is also
used for timing the firing of the source laser 101 so that a laser pulss arrives at
irradiation site 105 at the same time as a droplet 107, and thus that droplet 107

may be vaporized and generate the EUV plasma.

{0088} When a droplet 107 passes through curtain 464, the flash created 18 also
detacted by DOM 454; howsver, unlike sensors 478 and 480, DDM 454 does not
nead to delect the position of the droplet in the y-z plane, since it is used only for
timing and not for steering, For proper operation, DDM 484 should only record
fiashes from droplets 107 passing through curtain 464, and should ignore flashes
from curtain 482 or plasma light fom irradiation site 105, DDM 454 should thus
be configured in a way that it is able to accurately distinguish these various

events. In one embodiment, DDM 454 containg a collection lens 468, a spatial
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filler 470, a slit aperture 472, a sensor 474, and an ampilifier board {not shown) o
boost a signal from the sensor 474, If desired, DDM 454 may also include a port
orotection aperfure (not shown) constructed in a similar fashion to the port
orotaction aperture 488 shown for DIM 452 above, and located between

collecton lens 488 and sensor 474,

100897 Cellection lens 468 is oriented o collect light from the flashes created
whan droplets 107 pass through curtain 484 and focus that light on sensor 474,
while plasma light from irradiation site 105 will not be focused on sengor 474 in
the same way since it is coming from a different diraction than from curtain 464,
Siit aperture 472 is also orientad such that the light from curtain 464 focused by
collection lens 468 will pass through to sensor 474, but plasma light from
irradiation site 105 will be slightly further defocused. For further protection of
sensor 474, there may be a viewport and psilicle betwean shit aperiure 472 and

sanaor 474 if desirad,

{090} Sensor 474 may be, for example, a silicon dicde, and is preferably
aptimized to detect light at the wavelength and polarization of the first beam from
M taser 456, for example 1070 nm {or such other wavelaength as may be
chosern for DIM laser 458), and not light of either the polarization of the other
beam of DIM laser 456 or other wavelengths of the plasma light created at
radiation site 105, This configuration and the orientation of collection lens 488
and slit aperiure 472 ensures that DDM 454 accurately and refiably detects sach
flash created when a droplet 107 passes through curtain 464, while ignoring
flashes created when a droplet 107 passes through clitain 482 as well as the

rlasma light created at iradiation site 1056,

{0091} When such a flash is receivad by sensor 474, a timing module 476 {e.g., &
fogic ciroult) calculates the time i will take for the droplet 107 that created the
received flash to reach irradiation site 105 based upon the distance from curtain
484 {o radiation sile 105 and the speead of the droplel, which is again known.

Timing module 476 then sends 3 iming signal to source faser 101 which instructs
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source laser 101 {o fire al & time caleulaied to resull in 8 laser pulse arriving at
irradiation site 105 at the same time as the cuvent droplet 107 so that droplet

107 may be vaporized and create EUV plasma.

[00921 In a typical NoMO LLP EUV system, the droplet generator may generats
droplets 107 at a rate of 40,000 per second {40 KHz), while a8 MOPA PP systam
may use a rate of 50,000 KHz or higher. Al arate of 40,000 KMz, a droplstis
thus generated avery 25 microseconds, Sensor 474 must thus be able I
recognize a droplet and then be prapared {o recognize the next droplet within
that time period, and timing module 478 must similarly be able o calculate
droplet timing and generate and send a iming signal and be waiting for the next

droplet to be recognized in the same time period.

{00931 Further, if droplets fiy at 50 meters per second, and curlain 4684 is &5 mm
fram trradiation site 105, a droplet will reach radiation site 105 10 milliseconds
after it passes curtain 464, Thus, a droplet must be sensed by DDM 454, &
timing signal generated by timing module 476, that signat sent o source laser
101, and a pulse fired by souwrce laser 101 in time for the pulse to travei to
irradiation site 105 in that 10 milliseconds. In some embodiments, droplets may
fiv at even faster speeds. A person of ordinary skill in the art will appreciale how
this may be done within such a time period, and with sufficient accuracy that the

pulse will hit the droplet.

{094} Again, the signal of a droplet 107 passing through a curtain is a Gaussian
curve that is determined by the curtain beam shape cross-section. Thea height
and width of the Gaussian curve are a function of the droplet size and velocity,
respectively, However, the curlain thickness of 100 microns or more is
significantly greater than the droplet size of 30-35 microns, and the actual shape
of the droplet can be shown to be irelevant. Further, the reflection of the droplet
while it passes through the curtain is integrated, so that high frequency surface

changes of the droplet will average out.
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[0095] One of skill in the art will also appreciate that while Figure 4B is shown as
a cross-saction of the system in the x-2 plane, in practice the plasma chambaear
110 is often rounded or cylindrical, and thus the componenis may in some
embodimenis be rotated around the periphery of the chamber while maintaining

the functional relationships describad herein.

(0p96] In another embaodiment (not shown), a second droplet detection module
may be ussd, conslructed similarly to droplet defection module 454 in Figure 48,
but oriented o raceive light and detect flashes from laser curlain 462, rather than
laser curtgin 464, In such a case, droplet detection module 454 wil] preferably
have a filler which, as filter 484 in Figure 4B, passes the polarization and
wavelength of the second beam from laser 456, L.a., the polarization and
wavelength of laser curtain 484. The second droplet detection module will
simiarly preferably have a filter which passes the polarization and wavelength of
laser curtain 462, as does filter 482 in Figure 4B. This will allow sach of the two
droplet detection modules to detect flashes only from the appropriate laser
curtain, just as with the use of sensors 478 and 480 and filters 482 and 484 as

described above.

N9l Such a configuration with two droplet detection modules allows for both
laser curtains 462 and 464 to be used both for detecting droplst trajectory and
measuring droplet velocity. This makes i possible to measure the time taken for
a droplet fo cross the distance betwesn laser curlain 462 and laser curlain 464,
thus resulting In a more accurate measurement of the draplet velocily, as well as
nformation about the performance of the droplst gensrator 106, Further, the
timing module 478, which now recseives signals from both droplet detection
modules, can more accuralely caloulate droplet velocity and use any deviation
from mean velocity over many droplets to update timing signals to source laser
101,

{0098 Alternatively, droplet detection module 454 can be oriented in such a way

that flashes from both laser curiains 462 and 464 are detected. Insuch an
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ambodiment, an additional sensor such as sensor 474 would be included in

droplel detection module 454, and gnother PBS such ag PBS 458 used to sort
the received flashes by thelr polarization, sa that flashes from laser curtain 464
ars received by sensor 474 as in Figure 4B, and flashes from laser curlain 462

are received by the additional sensor.

10099] One issue that arises in using the two sensors o determine droplet spesd
is that if the laser curlains are too far apati, then after a first droplet 107 crosses
taser curtain 462, a second droplet 107 (or more, if the curtains are far enough
apart) will cross laser curdain 462 before the first droplet 107 reaches laser
curtain 484, resulting in @ mixed sequence of delection times. In such a case,

determining which of the detection times relate to a single droplet is very difficuit.

100100 For this reason, in one embodiment laser curlains 462 and 464 are placed
closer together than the expeciad distance belween any two sequential droplets
107, so that each dropist may be delected individually when it crosses the laser
curtaing. The expected distance belwaen two sequential droplels is based upon
the rate at which droplets are created and their expected speed. For exampls, i
the droplets are created at a rate of 80 kMHz, and travel at 70 meters per second
{mis), laser curtains 462 and 464 must be less than 1.4 mm apart (70 m/fs divided
by 50,000}, This aliows a droplet 107 {o be delected when i crosses laser
curtain 482 and detected again when it crosses laser curiain 484, before another
droplet is detected crossing laser curtain 462, resulting in 2 matched palr of

datection moments,

[001011H laser 456 is powerful encugh {such as the 50 watt {aser described
above), since lasar curtaing 462 and 454 have orthogonal polarization, the use of
fillers 482 and 484 allows the curlains 1o be sufficiently close, in this example
within 1.4 mm of each other, without affeciing the delection of flashes from sach
curtain by sensors 478 and 480, even if there are near simulianeous flashes from
both curtains. (As above, the curfains actually have a Gaussian profile, and thus
the detection flashes do as well; if a second droplet 107 hits lazer curtain 462



WO 2015/047725 PCT/US2014/054841

soon after the first droplet 107 hifs laser curtain 484, the front end of the flash
from laser curlain 482 may overlap with the tail end of the flash from laser curtain
4643

001021 A configuration with two droplet dedection modules 454 {or two sensors
474 within a single module) has another potential advantage. Laser 458 and
PRS 458 are mounted in the system, and thus subject o the mechanical
tolerances of the hardware used for mounting them. This similarly mits the
olerances within which the positions of lasar curtains 462 and 464 may be pre-
determined by such mounting. The two sensors 474, whether contained ina
single droplet detection module 454 or two such modules, may be used fo more

accurately determineg the position of the laser curtains.

[00103] This calibration is accomplished prior o EUV production by removing the
polarization filters from the two sensors 474 and allowing a droplet to pass from
the droplet generator along the droplet trajectory. As the droplet hits the first
laser curtain 462, both sensors 474 will detect the flash created {since the
palarization filters are not present} and each will generate a delection signal,
There are thus two "equations,” Le., two signals, and two unknown values, Le.,
curtain distance and droplet velocity; one of skill in the art will appreciate that this
altows for a solution of the curtain distance 1o a great level of accuracy. A similar
process allows determination of the distance {o the other laser curtain 464, Once
the distances o the laser curtaing have been determined, the polarization filters

are replaced and operation of the system for EUV production may commance.

100104] Knowing the positions of the laser curiains more acourately allows
vatiations in veloeity for ach droplet {calculated by using the times when each
droplet crosses each curtain) to be taken info account, rather than using an
average velocity, and thus also allows timing module 476 to more accurately

predict when the source laser 101 should fire in order to irradiate each droplat.

{00105 Figure BA is g flow chart of a method that may be used for timing laser

ulses in an LPP EUV system, in which a droplet generator produces droplets to
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be irradiated by a source laser at an irradiation site, such as a MOPA or MOPA
PP laser, according to one embodiment as desaribed herein. At step 501, two
laser curtains are generated as desuribed above, such as by DIM lasers 406 and
408 in Figure 4A. As described above, both curtains are localed between the
draplet generator and the irradiation site at which #t is desired to irradiate the

dropiets to produce EUV plasma.

[00106] Al step 502, droplets are sequentially crealed, for example by droplet
genarator 108, and sent on a trajactory toward the iradiation site. At step 503, a
droplet, such as a droplet 107, passes through the first of the two laser curlains,
for example laser curtain 412 iIn Figure 4A, and the position of the droplet is
detected by a sensor, such as sensor 424 in DDM 404, which deteats the flash

as the light of the first laser curtain is reflacted off of the droplat.

(601071 Al step 504, a first controller datermines whether the delecied droplst is
an the desived trajectory o the iradiation site. If the droplet is not on the desired
trajectory, at step 508 a signal is sent o the droplet generator to adjust the
diraction in which the droplet generator releases the droplets {o correct the

frajeciory to the deskred trajectory.

(o008 Next, af step 508, the droplel is detected by the second curtain, such as
laser curtain 414 in Figure 4A. Note that the method continues from the
detaction of a droplet at the first curtain in step 503 {o the detection of the droplet
at the second curfain in step 5085 even if the droplet is not on the carrect
trajectory, as the droplets currently in motion cannot be adjusted. The
adjustment of the direction in which the droplel generator releases droplets will

only affect the trajectory of subsequent droplets,

(01091 When a droplet is detected crossing the second laser curlain, based upon
the speed of the droplet and the distance from the second curtain to the
irradiation site, at step 507 a secondd confroller, such as timing module 426 In
Figure 4A, calculates the time at which the detected droplet will reach the

irradiation site, and at step 508 sends a iming signal to the source laser
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instructing the source laser to fire at such a time that the laser pulse reaches the
rradiation site at the same time as the droplet in question. At step 509, the
source laser fires a pulse at the time specified by the timing signal, and the pulse

rradiates the droplet at the irradiation site.

{00110 Note that this flowchart shows the treatment of a single droplet. In
practice, the droplet generator is continuously generating droplets as describad
above, Bince there is 2 sequential series of droplets, there will similarly be g
sequential series of flashes delected, and a serles of timing signals generatad,
thus causing the source laser to fire a series of pulses and irradiating a series of
droplets at the irradiglion site to creats the EUV plasma. Fuither, as above, itis
expacted that in most embodiments these functions will overlap, i.e., a droplet
may pass through the second curtain svery 25 microseconds or faster, while it
may take about 10 milliseconds for each droplet to pass from the sacond curtain
to the irradiation site. Thus, the sscond controfler should include a queuing
function which allows for the detection of, and an appropriate timing signal for,

each separate droplet.

[o01111In some embadiments, the first controlier {nat shown in Figure 4A)and
second contraller {such as timing module 426} may be logic circuiis or
processors, i some embodiments, a single control means, such a8 a processar,

may serve as bath controllers.

[00112] Figure 5B is a flowchart of another method that may be used for timing
laser pulses in an LPP BEUV system, in which a droplet generator produces
droplets to be bradiated by a source laser al an irradiation sile, such as a MOFA
or MOPA PP laser, according to one embodiment as described herein. Al step
531, two laser curtains are generated as desaibed above, such as by DIM laser
408 in Figure 4A. As described above, both curtains are located betwesn the
droplet generator and the radiation site at which it s desired fo irradiate the

droplets o produce EUV plasma.

t
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[00113]AL step 532, droplets are sequentially created, for example by droplet
generator 108, and serd on a trajectory toward the irradiation site. Al step 833, 3
droplet, such as a droplet 107, passes through the first of the two laser curtains,
for example laser curtain 412 in Figurs 4A, and the droplet is detected by &
sensor, such as sensor 428, which delects the flash as the light of the first laser

curtain is reflected off of the droplel.

[00114]AL step 534, a first controller recelves from the sensor data regarding the
detected flash and from that daia determinas the position of the droplel in the y-2
plane and, from that position, whether tha droplet is on the desired trajectory to
the irradiation site. If the droplet is not on the desired trajectory, at atep 535 g
signal is sent {o the droplet generator indicaling the direction(s) in the y-z plane in
which the droplet has deviated from the desired trajectory, so that an actuator for
droplet generator 106 may adjust the direction in which the droplet generator

relegses subsequent droplets to correct the trajectory o the desirad trajectory.

{00115 Next, at step 536, the droplet is detected by the second curtain, such as
laser curtain 414 in Figure 4A. Note that the method continues from the
detection of a droplet at the first curtain in step 533 to the detection of the draplet
af the sscond curtain in step 538 aven if the droplet is not an the carrect
trajectory, as the droplets currently in motion cannot be adjusted. The
adjustment of the direction in which the droplet generator releases droplets will

only affect the trajectory of subsequent droplets,

(00116} Again, a sensor such as sensor 430 delects a flash from the droplet as it
crosses the second curtain, Al step 537, a second controllar receives from the
sensor data regarding the detectad flash and from that data again determines the
position of the droplet in the y-2 plane and whether that position places the
detected droplet on the desired trajectory {o the irradiation site. [f the dropletis
not on the desived trajectory, at step 538 again a signal is sent to the droplet
generator indicating the deviation from the desired trajectory so that an
adiustment may be made to the direction in which the droplets are released to

s

3
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carrect the droplet irajeciory. As above, in some embadiments the signal sent in
step 535 may be for a “coarse” adjustment of the droplet trajectory and the signal
sent in step 538 for a “fine” adjustment of the droplet trajectory.

0011711 addition, onoeg a droplet has been detected crossing the second laser
curtain, hased upon the speed of the droplet and the distance from the second
curtain to the irradiation site, at step 539 a third controlier, such as timing module
428 in Figure 44, calculates the time at which the detecied droplet will reach the
irradiation site, and al step 540 sends g timing signal to the source laser
instructing the source laser {o fire at such a time that the laser pulse will reach
the irradiation site al the same lime as the dropled In question, At step 541, the
souree laser fires a pulse at the time specified by the timing signal, and the pulse

irradiates the droplet at the radiation site.

01181 As with the detection of the droplet by the second laser curtain at step 536
aven {f the droplet was not o the correct trajectory st step 534, steps 538 o 541
are performed even i it has been determined that the droplet is not on the corrsct
irajactory at step 537 since as above the rajectory of the droplets already
released cannot be altered. As with the adjustment of droplet trajectory at step
5385, the adjustment of droplet trajectory at step 538 will only affect the trajectory

of droplets subseaquently released,

[0n119]Note that this flowchart shows the treatment of a single droplet. In
practice, the droplet generator is continucusly generating droplels as described
above. Since thers is 8 sequential series of droplets, there will similarly be a
sequential series of flashes detected, and a series of timing signals generated,
thus causing the source laser to fire a serles of pulses and lradiating a series of
droplets at the irradiation site to create the EUV plasma. Further, as above, itis
axpeacted that in most embodiments these functions will overlap, 1.e., a droplet
may pass through the second curtain every 25 microseconds or faster, while it
may take about 10 milliseconds for each droplet to pass from the second curtain

to the iradiation site. Thus, the second coniroller should include a queuing
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function which allows for the detection of, and an appropriate Uming signal for,

gach separate droplet,

001201 iy some embodiments, the first and second controllars {not shown in
Figure 4A) and the third contraller {such as timing module 428) may be logic
gircults or processors, I some embodiments, a single control means, suchas a
Drocessor, may serve as both the first and second controliers, while in other

embodiments a single control means may serve as sll three controllers.

[00121] The disclosed method and apparatus have been explained above with
reference o several embodiments. Other embodiments will be apparent to those
skilled in the art in light of this disclosure. Certain aspects of the described
method and apparatus may readily be implemented using configurations other
than those described in the embadiments above, or in conjunclion with elements

octher than those described above,

(01221For example, different algorithims andfor logic clrcuits, perhaps more
complex than thoze described herein, may be used. While certain examples
have been provided of various configurations, components and paramsters, one
of skifl in the art will be able to determine other possibilities that may be
appropriate for a particular LPP EUV system. Different types of source lazers
and line lasers, using different wavelengths than those described herein, as wall
as different sensors, focus lenses and other oplics, or other components may be
used. Alternatively or additionally, a single laser may be used to provide two
laser curtaing of orthogonal polarization in prior art systems having two curtaing
used for conventional purposes as described herein. Finally, it will be apparent
that different orientations of components, and distances belwesn them, may be

ysed in some embodiments,

(0012311 should also be appreciated that the described method and apparatus
can be implemented in numerous ways, including as a process, an apparatus, or
a system. The methods describad herein may be implementsd in part by

program instructions for instructing g processor lo perform such methods, and
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such instructions recorded on a computer readable storage medium such as a
hard disk drive, floppy disk, optical disc such as a compact dise (CD} or digital
versatile disc {DVD), flash memory, etc. In some ambodiments the program
instructions may be stored remotely and sent over a network via optical or
electronic communication links. It should be noted that the order of the steps of
the methods described herein may be altered and still be within the scope of the

gdisclosure.

[a0124] These and other variations upon the embodiments are intendad to be

govered by the present disclosure, which is limited only by the appended claims.
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Claims

Yhat is olaimed is:

1. A system for timing the firing of a source laser in an exireme ultraviolst
laser produced plasma (EUV LPP) light souwrce having a droplet generator which
releases a droplet at an estimated spaed, the source laser firing pulses at an
irradiation site, comprising:

a droplet lumination module comprising a single line laser configured {o
generale a first laser curtain and a second laser curtain, the first and second
laser curtains being of orthogonal polarizations and each located between the
droplet generator and the iradiation sile;

a droplst detection module comprising a first sensor configured to detsct a
flash when the droplet passaes through the first laser curtain;

a first controller configured o

determineg, based upon the flash as detecled by the first sensor, a
kniown distance from the first curtain to the radiation site, and the

gstimated spead of the droplet, a time when the source laser should fire 3

pulse so as to irradiate the droplet when the droplet reaches the irradiation

site; and
generate a timing signal instructing the source laser to fire at the
determined tims;

a second sensor configured to detect the flash when the droplet passes
through the second laser curtain; and

a second controller configured to determine, basad upon the flash as
detected by the second sensor, that the droplet is not on a desired trajeciory
teading to the irvadiation site and providing a signal indicating an adjustimentto a
dirgction in which the droplat genarator releases a subsequent droplet which will

place the subsegquent droplet on the desired trajectory.

2 The system of claim 1, wheyein the system further comprises;

]

L

fo-a)
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a third sensor configured o detect a flash from the first laser curtain when
the droplet passes through the first laser curtain; and

a third controlier configured to determine, based upon the fiash as
detected by the third sensor, that the droplet is not on the desired trajectory
laading to the irradiation sile and providing a signal indicating an adjustment {o
the orientation of the droplet generator which will place a subsequent droplet on
the desired trajectory.
3. The system of claim 1 wherein the droplet Hlumination medule further
comprises a viewpomt belweern the line laser and the desired trajectory of the

droplet,

4. The systern of ¢laim 3 wherein the droplet llumination module further

comprises a port protection aperiurs for protecting the viewport.

8. The system of claim 4 wherein the port protection apertura comprises &

plurality of separated metallic slements.

. The system of claim 1 wherein the droplet flumination module further
comprises a polarizing beam spiitter configured to split a beam from the line laser

fro two heams having polarizations orthogonal to one anothey,

7. A mathod for timing the firing of a source laser inan EUV LPP {ight source
having a droplet generator which releases a droplet at an estimated speed, the
source jaser firing pulses at an iradiation site, comprising:
generating from a single laser source a first laser curtain and a second
laser curtain, the first and second laser curtains having polarizations arthogonal
o each other and located between the droplet generator and the irradiation site;
detecting by a first sensor a flash when the draplel passes through the first

laser curtain;

- 389
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datarmining from the flash as detected by the first sensor that the droplet
is not on a desired trajectory leading to the Iradiation site and providing a signal
indicating an adiustment to a dirsction in which the droplet genserator releases a
subseguent droplet which will place the subsequent droplet on the desired
trajectory;

detecting by a second sensor the flash when the droplet passes through
the second laser curigin, and

datermining, based upon the flash as detecied by the second sensor, a
known distance from the first curtain to the irradiation site, and the sstimaled
speed of the droplet, a time when the source laser should fire a pulse so as to
irradiate the droplet when the droplet reaches the irradiation site, and generating

a timing signal instructing the source laser to fire st the dsterminad time,

8. The methoed of claim 7, further comprising:

detacting by a third sensor a flash when the droplet passes through the
first laser cuwrtain; and

determining from the flash as detected by the third sensor that the droplet
is not on the desired trajectory leading to the iradiation site and providing &
signal indicating an adjustment a direction in which the droplet generator
relegses a subsequent droplat which will place the subsequent dropiet on the
desirad trajectory.

g, & system for timing the firing of a sowrce jaser ih an exireme ultraviolet
laser produced plasma (EUV LPP) light source having a droplet generalor which
releases a droplet at a known speed, the source laser firing pulses at an
frradiation site, comprising:

a droplet Bumination module comprising a first fine laser configured to
generate a first laser curtain betwesn the droplet generator and the irradiation
site;

a droplat detection module comprising a first sensor configurad to delect a
flash wher the droplet passes through the first lasar curtain;

a first contraller configured to:

~ 46 -
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determine, based upon the flash as detecled by the first sensor, a
known distance from the first curtain {o the bradiation site, and the known
speed of the droplel, a ime when the source laser should fire a pulse so
as {oirradiate the droplet when the droplet reaches the irradiation site; and

generate a timing signal Instructing the source laser to fire at the
datermined time,

a second sensor configured to detect the flash when the droplet passes
through the first laser curtain; and

a second controlier configured to delermine, based upon the flash as
detected by the second sensor, that the droplet is not on a desired trajectory
eading to the irradiation site and providing a signal indicating an adjustiment to a
direction in which the droplet generalor releases a subsequant droplet which will

olace the subsequent droplet on the desired trajectory.

10,  The system of claim 8, wherein:

the droplet ilumination module further comprises a second line laser
canfigured to generate a second laser curtain between the droplet generator and
the radiation site; and

the system further comprises:

a third sensor configured to detect a flash from the sscond laser citain
when the droplet passes through the second laser curtain; and

a third controlier configured to determing, based upon the flash as
detected by the third sensor, that the droplet is not on the desired trajectory
lzading o the inradiation site and providing a signal indicating an adjustment to
the orientation of the droplet gensrator which will place a subsequent droplet on

the desired frajectory.

11, The system of claim 8 wherein the droplet fllumination module further
comprises a viewport between the first line laser and the desired irajectory of the

droplet.
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12. A method for timing the firing of a source laser in an EUV LPP light source
having a droplet generator which releases a droplel at 3 known speed, the
source laser firing pulses at an iradiation sile, comprising:

generating a first laser curtain located belween the droplet generator and
the Irradiation silg;

detecting by a first sensor a flash when the droplet passes through the first
taser curtain;

determining from the flash as detected by the first sensor that the dropiet
is not on a desired frajectory leading to the hradiation sife and providing a signal
indicating an adjustment o a direction in which the droplet generator releases a
subseaquent droplet which will place the subsequent droglet on the desired
trajectiory;

detecting by a second sensor the flash when the droplet passes through
the first laser curtain; and

datermining, bazed upon the flash as detected by the second sensor, a
known distance from the first cutlain (o the iradiation site, and the known speed
of the droplel, a time when the source laser should fire a pulse so as to iradiate
the droplet when the droplet reaches the irradiation site, and generating a timing

signal instructing the source lager {o fire at the determined time,

13, The mesthod of claim 12, further comprising:

generating a second lagser curtain located belwesn the droplet generator
and the irradiation sile;

detecting by a third sensor a flash when the droplet passes through the
second laser curtain; and

determining from the flash as detectad by the third sensor that the droplet
ix not on the desired frajectory leading to the irradiation site and providing a
signal indicating an adjustiment a diraction in which the droplet generator
releases a subsequent droplet which will place the subsequent droplet on the

desired trajeciory,
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14, A system for timing the firing of a source laser in an EUY LPP light sowrce
having a droplet generator which releases a droplet at a pradetermined spead,
the source laser firing pulses at an iradiation site, comprising:

a droplet Hlumination module comprising a first line laser for generating a
first faser curlain betwesn the droplet generator and the radiation sitg;

a droplet detection module comprising a first sensor for detecting a fiash
from the first laser curtain when a droplet passes through the first laser curtain;
and

a first controliar for determining, based upon the flash from the first laser
curtain, the distance from the second curlain to the irradiation site, and the spesad
of the droplet, when the source laser should fire a pulse so as o irradiate the
droplet when the droplets reach the bradiation site, and generating a timing

signal instructing the source laser to fire at such time,

15, The system of claim 14, wherein:

the droplet Blumination module further comprises a second line laser for
genergting a second laser curlain between tha droplet generator and the
irradiation site; and

the sysiem further comprises:

a second sensor for detecting a flash from the second laser cwriain when
the droplet passes through the second laser curtain; and

a second coniroller for detsrmining, from the flash from the second laser
curtain, whather the droplet is on a desired frajectory leading to the irradiation
site and adjusting the position of the droplet generator as necessary so that th

droplet is on the desired trajectory.

18.  The system of claim 14 wherein the droplef Humination moduls further
compwises a viewport betweaen the first line lager and the desired trajectory of the

droplet.
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17.  The system of claim 18 wherein the droplet Hlumination module further

comprises a port protection aperture for protecting the viewport.

18. The system of claim 17 wherein the port protection aperlure comprises a

plurality of separated metallic elements.

18.  The system of claim 14 whersin the droplet detection module further
comprises a collection lens for collacting light from the flash from the first laser

curtain and focusing the light onto the first sensor.

20, A method for tming the firing of a source laser in an EUY LPP light source
having a droplet generator which releases a droplet at a predelermined speed,
the source laser firing pulses at an iradiation site, comprising:

generating a first laser curtain, between the droplet generator and the
irradiation site;

detecting a flash from the first laser curtain when a droplet passes through
the first laser curtain; and

determining, based upon the flash from the first laser curtain, the distance
from the first curtain to the iradiation site, and the speed of the droplet, when the
source laser should fire @ puise so as o iradiaie the droplel when the droplat
reaches the iradiation site, and generaling a timing signal instructing the sowrce

laser to fire at such time.

21, The method of claim 20, further comprising:

generating a second laser curlain between the droplel generalor and the
radiation sitg;

detecting a flash from the second laser curtain when the droplet passes
through the second laser curtain; and

determining, from the flash from the second laser curlain, whether the

droplst is on a desired trajeciory leading o the irradiation site and adjusting the

- 44 -
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nosition of the droplet generator as necessary so that tha droplet is on the

desired rajaclory.
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