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(57) Abstract: Energy output from a laser-produced plasma (LPP) extreme ultraviolet light (EUV) system varies based on how well
the laser beam is focused on droplets of target material to generate plasma at a primary focal spot. Maintaining droplets at the
primary focal spot during burst firing is difficult because generated plasma from preceding droplets push succeeding droplets out of
the primary focal spot. Current droplet-to-droplet feedback control to re-align droplets to the primary focal spot is relatively slow.
The system and method described herein adaptively pre-cornpensate for droplet push-out by directing droplets to a target position
that is offset from the primary focal spot such that when a droplet is lased, the droplet is pushed by the laser beam into the primary
focal spot to generate plasma. Over time, the EUV system !eams to maintain real-time alignment of droplet position so plasma is
generated consistently within the primary focal spot.
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PRE-COMPENSATE TARGET MATERIAL PUSH-OUT FOR EUV LIGHT

BACKGROUND OF THE INVENTION

Fleld of the Invention

{1} The present invention relates generally to laser technology for photolithography,

and, more particularly, 1o optimization of extreme ultraviolet {EUV) light production.

Descriptinn of the Prigr Art

{2} The semiconductor industyy continues to develop lithographic technologies
which are sble to print ever-smaller integrated circult dimensions, Extreme ultraviolet
{EUVT) light {also sometimes referred to as soft k-rays) is generally defined to be
elactromagnetic radiation having wavelengths of between 10 and 110 nm, EWY
lithography is generally cansidered to include EUV light at wavelengths in the range of
10~ 14 nm, and is used to produce extremely small features (8.8, sub-32 nm features)
iy substrates such as silicon wafers, These systems must be highly reliable and provide

cost-affective throughput and reasonable process latituds.

i3] Methods to produce EUV light include, but are not necessarily limited to,
canverting a material into a plasma state that bas one or more slements {2.g., xenon,
Hrhiwm, tin, indium, antimony, telluriuam, aluminum, ete]) with one or mors emission
linels) s the EUY range. In one such method, often termed laser-produced plasma
CLERY, the required plasma can be produced by frradiating a target material, suchas a
droplet, stream or duster of material having the desived line-amitting elemant, with a

faser beam at an irradiation site:

141 The line-emitting element may be I pure form or alloy form {e.g., an alloy that is
a liquid at desired temperatures), or may be mixed or dispersed with another material
such as a Hquid, Delivering this target material and the laser beam simultanecusly ta 2

desived irvadiation site {e.g,, a primary focal spot} within an LPP EUV source plasma
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chamber for plasma initiation presents certain timing and control problems,
Specifically, it s necessary for the laser beam to be focused on a position through which
the target material will pass and timed 50 a3 to intersect the target material when it
nasses through that position in order to hit the target properly to obtain & good plasma,

and thus, good EUV light,

{51 A droplet generator heats the target material and extrudes the heated target
material as droplets which travel along an x-axis of the primary focal spot fo imterseqt
the laser beam traveling along a z-ais of the primary focal spot.  Ideally, the droplets
are targeted to pass through the primary focal spot. When the laser beam hits the

droplets at the primary focal spot, EUV light output is maximized,

{8} When the laser fires, however, plasma formed from preceding droplets within a
burst interferes with trajectories of succeeding droplets within the burst, pushing the
draplets out of the x-axis of the primary foral spot. The result is that the droplets are
displaced {"pushed-out”} along the v- and/or z-axes away from the primary focal spot
when hit by the laser beam. This push-out famps up rapidly {e.g., v about 15-20 ms)
and tan be quite large {e.g., 120 pm displacement from the primary focal spot). The
large and rapid nature of the push-out is especially problematic during continuous mode
firing of the UV system because re-alignmaent of droplets tp the primary focal spot
cannot be achieved before the laser fires again and lases & succseding droplet outside
the primavy focal spot. Thas, the effect of the push-put is that plasma genaratad from
succeeding droplets is not focused in the primary focal spot of the collector, and,

consequently, BUY light output is not optimized,

3

{7 Current methods tn compensate for droplet push-out rely on droplet-to-droplat
feedback controt of the droplet generator to re-align droplets in the primary focal spot
after the push-out has occurred, Such droplet-to-droplet feedback control s not ideal,
however, because of the relatively long time necessary to re-align droplets relative to
the spead at which the droplets travel. For example, when the fassr is firing in a

continuwous mode, the droplet-to-droplet feedback after plasma from a first droplet

Fod



WO 2014/051891 PCT/US2013/055848

causes a push-out disturbance is too slow to completely re-align a next droplet to the

primary focal spot target before that next droplet is hit by the laser beam.

[8] What is needed, therefore, is an improved way {o accurately re-position the

droplets of target material more rapidly so the laser beam strikes the droplets within

the focsl spot of the laser beam,
SURMARY

{91 In ong embodimant is presented a method of pre-compensating for push-out
from a primary focal spot of target material droplets during burst-firing of an extreme
uhtraviolet laser Hight source comprising: sensing one or more droplet during a burst, the
one or more droplet delivered from & droplet generator 1o a targst pasition at which the
one or more droplet i to be lased; caloulating an axial posttion for sach ofthe ong or
mare sensed droplet in the burst; estimating an open-loop droplet position for each of
the one or more droplet in the burst by subtracting droplet-to-droplet feedback for each
of the one or more droplet in the burst from the caloulated axial position for each of the
pne or more droplet in the burst; calculating after the burst bas ended a pre-
compensation cotrection based on the open loop droplet position fram the one or more
draplets in the burst; caleulating an updated target position with the pre-compensation
correction; and commanding one or more actuator to reposition a droplet generator to
deliver, during a succeeding burst, droplets of target material to the updated target

position.

{161  Inanother embodimentis presented a system for pre-compensation of push-out
from a primary focal spot of target material droplets during burst-diring of an extreme
ultravioket Jaser light source comprising: a droplet generator; a sensor ong or raors axis
controller; one or more actuator to position the droplet genervator; wherein the sensor
senses one or more droplet during a burst, the one or more droplet deliversd from the
draplet generatorto a targe’ position at which the ane or more droplet is to be lased;

and the ane or more axis controfler: ealculates an axial position of each of the one or

L2V
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more droplet; estimates angpen-loog droplet position for sach of the ons or more
sensed droplet in the burst; calculates, after the burst has ended, a pre-compensation
correction based on the open-loop droplet position of the one or more droplet in the
nurst; calculates an updated target position with the pre-compensation correction; and
commands one or more actuator to reposition the droplet genarator to deliver, during a

succeeding burst, droplets of target material to the updated target position.
BRIEF DESCRIPTION OF DRAWINGS

f13]  FIG. 15 a schematic Hlustrating some of the components of a typical LFR EUV

system,

(121 FIG. 215 a diagram depicting EUV system components invalved in optimization of

FLIV Hight production according to one embodiment.
131 FIG. 3ais a schematic Hlustrating droplet orientation when the deiver laser is off,

18] FIG. 3b is a schematic Hlustrating droplet orfentation when the drive laser is first

puised.

{15]  FIG. 3cis a schematic Hlustrating a push-out of droplets along the z-axis observed

whers the drive laser is pulsed In g continuous mods.

{16]  FIG, 3d is a schematic Mostrating droplet<to-droplet feadback-controlled re-
alignment of droplets to compensate for the pushrout observed when the drive laser is

pulsed in a continuous maode,

7] FiG, 4 depicts droplet position along the z-axis asa function of time before,

during, and afier laser firing,

(18] FIG. 5 is a schematic Hiustrating adaptive pre-compensation for droplet push-out

atong the z-axis,
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[18]  FIG. & is o block diagram depicting EUV system components involved in adaptive

pre-compansation for droplet pusheout according to one embodiment.

f20]  FIG. 7 is a2 flowcharn of a mathod to compensate for droplet push-out according

to one embodiment.

(21} FiG. 8illustrates droplet position over time during a laser-firing burst with and
without droplet-to-droplet feedback to re-align droplets to a primary focal spat

according to one embodiment,

{221 FiG, 9 shows droplet position aver time for simulated data during adaptive

jsarning to pre-compensate for droplat push-out according to one embodiment,

(23] FIG. 10 shows droplet position error over time for simulated data during
atdaptive lagrning to pre-compansate for droplet push-out according to one

embodiment,

DETAILED DESCRIPTION OF THE INVENTION

i24]  Asemiconductor wafer Is divided into multiple dies, each of which Is to have the
samne type of integrated circult fabricated thereon, Therefore, the dies on the wafer
need to be exposed to equivalent amounts of EUV light, To meet this requirement, the
Jaser is fired at the same operation point for every exposure. Thus, the generated push-
outs are similar in size. Although the push-outs have a repetitive character in a single
opetation point, the size of the push-outs can differ across operating points and across

EUV systems,

{2357 Embodiments of a system and method described bierein make use of this
repetitive character of the push-outs to sdaptively pre-compensate for droplet push-out
by learning how big the droplet push-out is and adjusting a droplet generator between
hursts in anticipation of the pusheout. Specifically, the EUV system repositions the

droplet generator o deliver Sroplets in a succeeding burst to a target position that is
g
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offsat from the primary focal spot based on the magnitude of the push-out obiserved in
the previous burst, As adroplet {delivered by the repositioned droplet generator} is hit
by the laser beam, a ramp-up of the push-out of that droplet begins, thereby driving the
droplet into the primary focal apot to generate plasma that is, In tumn, focused by an
eiliptical collector onto an intermediate focus befors being passed to or used by, v.g.. 8
iithography system. Qver time, the EUV system learns to maintals droplet position on-
target. This adaptive nature of the pre-compansation is important in order to avoid long

calibration procedures for a static target adaptation.

{26  FIG. 1 Hlustrates some of the components of a typical LPF EUV system 100, A
drive laser 104, such as 3 CO: laser, produces a laser beam 102 that passes through a
beam delivery system 103 and through focusing optics 104, Focusing optics 104 have a
primary focal spot 105 st an radiation site within an LPR £UV source plasma chamber
110, A droplet generator 106 produces and ejects droplets 107 of ay appropriate target
material that, when hit by laser beam 102 at the Wrradiation site, produce plasma that
emits EUV fight. An elliptical collector 108 focuses the EUV light from the plasmaat an
imarmediate focus 108 for delivering the produced EUY light to, e.g., a lithography
system. intermediate focus 109 will typically be within a scanner {not shown)
containing boats of wafers that are to be exposed to the EUV light, with a portion of the
hoat containing wafers currently being irradiated being located at intermediate focus
108, in some embodiments, there may be multiple drive lasers 104, with beams that all
converge on focusing optics 104, One type of LPP EUV light source may use a C0; laser
and a zing selenide {ZnSe) leny with an antbreflective coating and a clear aperture of

about & to 8 inches,

{21 Drive taser 101 is fired in & pulsating manner in grder 1o hit discrete droplats 107
separately. Although every sequence of pulses comprises a burst, drive laser 101 can be
fired in different burst modss, In a stroboscopic mode {ie., a mode with short bursts),

the length of the bursts are limited to 1 ms, whereas in a continuous mode {ie., a mode

with long bursts), the expectad burst Jength is 3-4 sgonds for sach die.
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28] When firing drive laser 101 in stroboscopic mode, EUV system 100 maintains
droplets 107 an-target reasonably well using closed-loop {droplet-to-droplet] feedback.
To achieve higher EUV light power output, however, drive laser 101 s more often run in
the continuous mode {long bursts) in which plasma is created during longey intervals of
time, During these longer continuous bursts of firing, droplats 107 interact with the
plasma and, 83 a result, are pushed out away from primary focal spot 105, This
displacement, or “push-out”, negatively impacts EUV light production because the
plasma generated Is no fonger concentrated within the primary focal spot so maximal
EUV light cannot be collected by elliptical collector 108 and refocused for downstream

S

{251 A closed-loop {droplet-to-dropiet) feedback control system {“droplet-to-droplet
feedback system”} has baen used historically to keep droplets 107 targeted on primary
focal spot 105 during pulse fiving of drive laser 101, The droplet-to-droplet feedback
system comprises a line laser in combination with a sensor {8.8., 8 navrow field {(NF}
camera) that measures droplet position along the y- and/or z-axis as droplet 107 1s
ahout to be lased. EUV systers 100 uses the measured droplet position to command
actuators {e.g., plezoslectvic {"PZT"} actuators) to re-align droplet generator 1086 so that
successive droplets {pushad out of primary focal spot 10% by plasma generated from
praceding droplets 107) are re-aligned to be delivered to primary focal spot 105, One
disadvantage of this droplet-to-droplet feedback system is that it operates without
taldng into consideration repeated errors in position across bursts {L.e., inter-burst
target errors), which imits the actuators that can be used to re-align droplets on-targst.
Specifically, because coarse movement actuators {88, Steppsr motors introduce into
the EUY system vibration which will push droplets 107 further off-target, coarse
mavemeant actuators are non-preferred for re-sligning droplets 107 on-target. Using
only fine movement actuaters {e.g., PZT actuators) avoids the introduction of vibration,
but Hmits how rapidly droplets can be re-aligned to target as well as the range over

which droplets can be repositioned. Conseguently, the cdosad-loop {droplet-to-droplet)

-3
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feedback system takes longer to correct a push-out disturbance {e.g., approximately 4

ms) than is desirable.

;30] A magnified schematic of EUY system components invalved In optimization of
EUV Hight production according to one embodiment is shown in FIG, 2. Laser beam 102
is dalivered through eifiptical collector 108 to primary foca! spot 105, Positioning of
primary focal spot 105 along the y- and z- axes is determined by focusing optics 104, 1o
wit, a final focus tens {not shown) and a final focus stearing mirror {not shown), as
described in United States Fatent Application No. 13/545,261 {Frihauf st al.), bereby
incorporated by reference in its entirety herejn. Energy output from the LPP EUV
system varles based on how well laser beam 102 can be focused and can maintain focus
aver time on droplets 107 generated by droplet generator 106, Optimal energy is
output from EUV system 100 # the droplets are positioned in primary focal spot 105
when hit by laser bears 102, Such positioning of the droplets allows elliptical colizttor
108 to coltect a maximum amount of EUV light from the generated plasma for delivery
to, &g, a lithography system. A sensor 201 {e.g., narrow field {NF) camera] senses the
droplets as they pass through a laser curtain during travel to primary focal spot 105 and
provides droplet-to-droplet feedback to EUV system 100, which droplet-to-droplet
feedback is used to adjust droplet generator 106 to re-align droplets 107 to primary

focal spot 105 {i.e., “on-target”}.

311 How droplet position along the 2-axis changes during laser firing in a continuous
hurst mode will stow be desoribed with reference to FIGS. 3a, 3b, 3¢, 3d, and 4. FIGs. 33,
ak, 3¢, and 3d Blustrate schematically the orfentation of droplets 107, respectively,
before, at initiation of, during, and after laser burst firing in a continuous burst mode,
FiG. 4 is a graph depleting droplet position along the x-axis over time with primary focal
spot 105 indicated by 2 solid Hine at a z-axis position of 0. Droplets 107 lased while at
primary focal spot 105 generate plasma within the focal spot of elliptical collector 108,
Arrows 401a, 401b, 401¢, and 4014 Indicate points in time that FIGS. 33, 3b, 3¢, and 34,

respectively, aocur.

8



WO 2014/051891 PCT/US2013/055848

{371  FReferring first to FIG. 33, before drive laser 101 is fived, droplets 107 gjeciad
from droplet generator 106 to droplet catcher 301 are orlented in 2 straight line along
the x-axis of primary focal spot 105, At the pointin time shown by arrow 4l1a in FIG. 4,

droplets 107 pass through primary focal spot 105,

133]  Referring now to FIG. 3b, as the pulse of laser beam 102 hits a first droplet 107
at primary focal spot 105, the target material of first droplet 107 s vaporized and a
plasma 302 is generated at primary focal spot 105, EUV light emitted from plasma 302
is collected by eiliptical collector 108 and reflscted onto intermeadiate focus 108 whera it
passes into or is used by, £.g., a lithography system. At the point in tims shown by arrow

401b in FIG. 4, droplet 107 s at primary focal spot 105,

£34] Heferring now to FIG. 3¢, as plasma 302 is formed by ivadiation of droplet 107,
surrounding droplets 107 are displaced {“pushed out”} from primary focal spot 105 of
slliptical collector 108, Thus, as laser baam 102 strikes a first droplet 107, succeeding
draplet 107 is pushed out along the z-axis from the z-axis coordinate of primary focal
spot 105, At the point In time shown by arrow 401c¢ in FIG. 4, droplet 107 {s displaced
{approximately 75 pm in this example) from primary focal spot 105, Because of this
push-out, plasma 302 is no longer produced at primary focal spot 105 and thus,
produced EUV light Is not focused by eliiptical collector 108 at internmadiate focus 108
{{.e., the produced EUV light is out of focus). i the push-out phenomenen is
uncontrofied, plasma 302 genevated from irradiation of additional suceessive droplets
107 can trigeer additive 2-axis push-out of successive droplets 107, Consequently, EUV
production is significantly disturbed-—enough to ruln a die on a waler during expasure—
especially when drive laser 101 is firetd in continuoas mode. Although firing drive laser
101 at o fixed operation point generates push-outs of similar sizes, the push-outs drift as

drive laser 101 is fired for longer time periods.

(33]  Referring now to FIG. 3d, droplet push-out has been tontrolled histarically
through a droplet-to-droplet feedback system which adjusts droplet generator 106 after

push-out has occurred to start moving succeeding droplets 107 back to primary focal

W
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spot 105, In assence, the droplet-to-droplet feedback system waits for the push-out,
and then fights the disturbance by adjusting droplet generator 106 with actuators {g.g.,
PZT actuators) to re-align successive droplets 107 1o target {l.e., primary focal spot 105}
Because the droplet-to-droplet feedback process does not begin until after push-out has
occurrad, howevet, error between an actual position of droplet 197 and primary focal
spot 105 can be very farge. ideally, 10 ms after burst firing begins, droplets 107 should
e {and should stay) within 4 5 wrn of primary focal spot 105, As a result, as shown in
FIG. 4, the droplet-io-droplet feadback process requires substantial time {a.g.,
approximately 0.4 seconds] after the start of a burst to reposition droplists 107 back on-
target. Dnce droplet-to-droplet feedback processes have re-aligned droplets 107 to
primary focal spot 105 {as shown by arrow 44}, droplet-to-droplet feedback control

signals can hold droplets 107 near primary focal spot 1085 for the duration of the burst,

8] In contrast to current droplet-to-droplet fesdback systems, the émbodiments
discussed herein take advantage between bursts of the push-out disturbance and
thereby reduce the time necessary for droplet-to-droplat feadback systems to re-align
droplets during a burst to a correct Z-axis position to overcome the push-out
disturbance. Minimizing the droplet-to-droplet feedback also allows EUV systerm 100 to
rely on PZT actuators to reposition droplets 107 and to avold having to use stepper
motors {which introduce vibration into the EUY system and thereby interfere with

successful repositioning of droplat 107 on-target].

(371 Referring now io FIG. 5, in contrast to known systems and methods of producing
FUV fight, embodiments of the system and method described hereln re-align droplets
during the inter-burst interval {Le., between bursts) to a target position 502 which is
displaced away from primary focal spot 105 such that laser bearm 102 striltes droplet
107 at target position 502, As laser beam 102 strikes droplet 107 at target position 502,
droplet 107 is pushed-out, but the push-out phenomenon pushes droplet 107 into
frather than out of} primary focal spot 105 as plasma 302 is generated. Thus plasma 302

is generated at primary focal spot 105-that is, in the focal spot of ellipticat collectar

jes.
o)
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108—~and produced EUY Hght is collected and focused by elliptical collector 108 at
intermediate focts 1098, One of skill in the art will recognize that, for a first firing burst
in a continuous maode of operation, target position 502 can, but need not coincide with

privnary focal spot 105,

1381 A block diagram providing an overview of a pre-compensation control {oop used
to adaptively adjust droplet target position according to ons embodiment is presentad
in FIG. 6. Droglet generator 106 ejects droplets 107 along an x-axis io a target {x-, y-, 2-}
position at which droplets 107 are to be {ased as discussed with respectio FIG. L. One
or more sensor 201 inside LPP EUV source chamber 110 senses one or mote axial
position {e.., along a y-axis, along a z-axis, or along both axes) of gjected droplet 107,
The sensed axial position of droplet 107 along the y-axis is passed 1o y-axis controller
§03v and/or the sensed position of droplet 107 along the z-axis Is passed to z-axis
controlfer 803z, Axial controllers 603y and/or 6032 determine(s) an updated target
position for troplet 107 that pre-compensates for anticipated droplet push-out {as
discussed in greater detail elsewhers herein). Axial controllers 803y and/or 603z then
output{s} commands to, respectively, y-axis actuators 604y and/or z-axis actuators 604z
{e.g., stepper motors and/or PZTs) to adjust droplet generator 106 such that succeeding

droplets 107 are daeliverad 1o the pre-compensated axial target position 502,

381 Iy another embodiment, a pre-compensation control loop is used to adaptively
adjust droplet position. in this embodiment, axial controllers 603y and/or 803z
determinels) an updated droplet position for droplet 107 that pre-compensates for
anticipated droplet push-out {as discussed in greater detail elsewhere herein]. Axial
cantroliers 0%y and/or 6037 then cutpunt{s) caommands to, respectively, y-axis aetuators
604y and/or zvaxis actuators 604z {e.g,, stepper motors and/or P2Ts) to adjust droplet
generator 105 such that succeeding droplets 107 are delivered to the pre-compensated

axial droplet position.

a0} Referring now to FIG. 7, a flowchart of ane embodiment of 2 method for

atlaptively adjusting droplet target position 1o pre-compensate for droplet push-out is

11
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presentad. During closed-loop laser operation {i.e., during a burst), the magnitude of
the push-out disturbance canniot be measured directly. Instead, to effectively pre-
compensate for droplet push-out, EUY systern 100 measures the position of a draplet
just before the droplet is lased and estimates the magniiude of the push-nut. Thus, in
step 701, as droplet 107 passes through a laser curtaln on its way to target position 503,
sensor 201 {e.g., an NF camera) senses droplet 107 and sends data about droplet 10710
axial controllers 603y and/or 603z, In one embodiment, sensing of droplet position is
triggered by a start of a burst and is terminated by cessation of the burst, The field of
view of sensor 201 determines sampling frequency {8.g., reducing the field of view of

sensor 201 allows for an increased frame rate} of droplets.

1411 Inostep 702, a position of the sensed droplet along the y- andfor z-axds is
caleutatad. To do this, senser 201 measures an axial position of droplet 107 {in pixels)
angd detarmines a vertical centraid and a horizontal centroid for droplet 107, Axial
rortrollers then perform coordinate transformations on the vertical and horizontal
centrofds. Thus, yv-axis controlier 803y converts the pixels of the vertical centroid to
calculate a y-axiy position {e.g., iy um), and z-axis controlier 6037 converts the pixels of
the horizontal cantroid to caloulate a z-axis position {e.g., in um} of droplet 107, This
tranisformation minimizes any effect of sensor tilt on the measured {y,2) position of

droplet 107,

1421 In step 703, the axial controliers estimate axial {z- or y-} open-loop positions of
sansed droplet 107, Conceptually, the axial open-loop positions are the z- and/or y-
position{s} of droplet 107 if no droplet-to-droplet feedback had been applied ta
reposition droplet 107—that s, the droplet push-out along the {2- and/or y-axes)
without droplet-to-droplet feedback control to re-align draplets 107 to primary foeal
spot 105, The axis controllers estimate the axial open-loop estimates by subtracting any
droplet-to-droplet feedback adjustment from the determined droplet y- and/or z-
position{s}. Thus, y-axis controller 603y subtracts the droplet-to-droplet feedback

adjustment applied to compensate for y-axis push-out of droplet 107 from the y-axis

12
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position determined in step 702 to caleulate an estimated open-loop y-axis position of
sansed droplet 107, Similarly, the z-axis controller 803z subiracts the droplet-to-droplet
feedback adjustment applied to compensate for z-axis push-out of droplet 107 from the
z-axis position determined in step 702 to calculate an estimated open-loop z-axis

position of sensed droplet 107.

a3} o step 704, the axis controllers determine whether the burst has ended. If the
hurst has not ended, the process returns to step 701 and steps 701, 702, 703, and 704
ara performed for another droplet 107, That is, steps 701, 702, 708, and 704 are

iterated for the droplets lased during a burst,

i44]  if tha burst has ended, then in step 705, the axis controliers calculate a pre-
compensation correction to be appiied to determing a new target pusition,

Mathematically, the pre-compensation correction is

K ¥ (O gvg ~ Tl

)

where Kis a learaing gain, Olaneis an average of the estimated open-loop axial position
data calculated in steps 703 for the pravious burst, and Ty is the axial position of primary
focal spot 105, The pre-compensation correction should be in the opposite direction to
the calculated Olyye The number of data points used to caloulate the O, depends on
the frame/fsacond speed of sensor 201 when sensing droplet 107 and on the length of
time over which the burst cccurred. In one embodiment, because sensor speed §s not
ahways consistent and sensor 201 may not abways capture 8 good Image, position data
are iterated to fill iy gaps between data frame and make a “continuous” signal before

data sampling at a predetermined frequency.

{451  Thus, y-axis controller 603v calculates a pre-compensation correction by
determining the deviation of the averaged estimated open-loop y-axis position of
sensed droplet 107 in the previous burst from the y-axis position of the primary focal
spat, and multiplying that y-axis deviation by a learning gain, Similarly, z-axis controfler

6037 calculates a pre-compensation correction by determining the deviation of the

i3
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averaged estimated open-loop z-axis position of sensed droplet 107 in the previous
burst from the z-axis position of the primary focal spot, and multiplying that z-axis
deviation by a learning gain {which may be the same lsarning gain aythat used to

calcuiate the veaxis pre-compensation correction).

{a6]  The lgarning gain is a tunable parameter that can range between O and 1, but s
preferably about 0.1 or less. Determination of the learning gain necessitates a trade-off
hetween rapid convergence on-target and susceptibility to variable push-out

disturhances.

{871 Alarge learning gain {e.g,, K=1), for instance, works well for a fivst iteration of
the adaptive loop because, during the first burst, thers is na previous information from
which the system can leam. G, if the open-loop displacement is actually known (rather
than being estimated), then a learning gain of 1.0 is acceptable because the known
magnitude of the droplet push-out would indicate how far to offset target position 502
from primary focal spot 105, i, however, the learning gain remains setto 1.0, the
updated target position continues to rely almaost completely on the position of the
droplets during the immediately precading hurst—which may not always be correct.
For instance, if the push-out during a first burst is quite large for some reason, most of
the change in target positioning is determined from the open-loop average position of
that burst if the learning gain is 1.0, The result will be that the target position 502 will
be displaced a considerable distance away from primary focal spot 105, If the push-out
for a second {succeeding) burst is small, howsver, the droplats will have been displaced
too far away front primary focal spot 105 so will not be In a correct target position to be
pushed into focal spot 105 and less plasma will be produced. Once again, however, the
system will over-rely on this previous position when calcolating a new target position
after the second burst and, conssguently, determine that the target position should be
adjustad only by a small amount. This process will keep the target position bouncing

back and forth between extrems target nositions fe.g., small displacement from primary

i4
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focal spot 105-+large displacement from primary focal spot 105+ small displacement

from primary focal spot 105, ete.) leading to poor EUV output and instability.

48] A smaller learning gain {8.g., K=0.1}, on the othar hand, is preferable when the
opern-loop displacement is estimated {rather than actually measured) so as to aveld an
pver-reliance on the estimated open-loop displacement whan determining the target
position. With the lower learning gain, the adaptive pra-compensation foop “learns”
over time to achisve a stable target position 502, |, however, a very smail learning gain
is chosen {e.g., K=0.1), target position 502 will barely changs In response to data
gathered from previous bursts and the system will take longer to lsany an acrepiable

stable displacemeant from primary focal spot 105,

j45]  Ideally, then, s learning gain that changes over time is preferred. For exarnple, a
targe learning gain that decreases over time sllows the pre-compensation {o convergs
quickly to a “best” target position that is stable and relativaly insensitive to fluctuations

in droplet position over thme,

[50]  Instep 706, the axis controllers update target position 502 by adding the pre-
compensation corrections calculated in step 705 to target position 502 of the previous

burst to pbtaly an updated pre-compensated target. Mathematically,
Tog = T KNOLag - T

whaere Tiis the pre-compensated target of the previous burst and 7ixzis the updated
pre~compensated target. Thus, y-axis controller 603y calculates an updated pre-
compensated target along the y-axis and z-axis controller 6032 calculates an updated
pre-compensation target along the r-axis. Imponantly, this updated pre-compensation
target is not primary focal spot 105, but is a learned displacement that sllows the push-
out phenomenon to push the droplets back into primary focal spot 105 whan a next
Burst begins. Qne of skill in the art will recognize that other learning algorithms {e.g,
Least Mean Squared or Recursive Least Squares equations) can be used to update the

pre-compensated target,
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{511 Pre-compensation based upon the previous burst slone may be susceptible to
measurement noise.  Thus, in ong embodiment, data obtained from some or all
previous bursts are used to calculate the pre-compensation correction befors using that

pre-compensation correction to update the pre-compensated target.

521 Instep 707, the axis controliers command axial actuators 1o reposition droplet
panerator 106 so that droplets 107 ejected from dropist gensrator 106 are In the
updated pre-compensated target position when lased. Thus, y-axis controller 803y
sends a command to y-axis actuators controliing movement of droplet generator along
the y-axis and/or z-axis controller 603z sends a command to a z-axis actuators
controlling movement of droplet generator along the z-axis such that droplets 107
ejected from droplet generator 106 are lased as they pass through the npdated {that is,
pre-compensated) {y,2) target. Whaen lased, droplats 107 are pushed out of target
position 502 and into primary focal spot 105 where light from generated plasma 30218
collected by elliptical mirror 108 and focused onto intermediate focus 109, Thus, the
ramip-up of the push-out itself, rather than active steering, moves droplet 107 to
primary focal spot 105, and cah therefore limit how rapidly droplets can be moved on

targsl.

531 In one embodiment, calculation of the pre-compensation correction {step 705},
updating of the target position 502 {step 706}, and commanding the axial actuators

{step 707} oceur during the inter-burst interval,

x4l in one embodiment, soms accommuodations are implemented during bursts to
mitigate undesired effects on the pre-compensated target adaptation. For instance,
aftertarget adjustment, ramping {L.e, ramp-up and ramp-down) of the push-out
phenomenon should be allowed to continue without droplet-to-droplet feedback
control. Instead, the mush-out should reach the targst by iiself without any cantrol
action because laser beam 102 will push droplets into primary focal spot 105, So, during

these ramping periods, the droplet-to-droplet feedback system is made inoperative.

Yot
e
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One way to achieve this inoperability is to set ervor ity droplet positioning to zero so that

no droplet-to-droplet feedback action is initiated during the ramping periods.

{881  Making droplet-to-droplet feedback inoperable during ramping can impast
funciionality of the open-loop droplet position estimate on which the target adaptation
is hased, Typically, the learning gain is set to 0.0%, which rmeans that the apen-loop
droplet position estimate relies almost exclusively on the applied droplet-to-droplet
faadback to estimate the actua! position of the droplet, The result of this reliance is that
when the droplet-to-droplet feedback system remains inoperable and the droplet
nosition changes quickly due to the push-out, the open-oop droplet position estimate is
far from the actual droplet position. Therefore, the learning gain is set to 1 during the
inoperability pericd, thereby making the apen-loop droplet position estimate fully

dependent on the position measuwrement,

(56]  The process of FIG. & is depicted graphically with exemplar data in FIG. 8 which
Hiusteates droplet position over time during 2 laser-firing burst with and without closed-
loop {dropletto-droplet] feedback. As seen in the figure, droplets targeted to primary
focal spot 105 undergo a push-out 801 along the r-axds away from primary focal spot
105 during the burst, and are eventually re-alignad 802 to primary focal spot 105
{through droplet-to-droplst feedback control as discussed elsewhere hevain}. An open-
loop estimate 803 is determined for droplets 107, Once the burst has endad, an
average of the open-loop estimates {Olq,) is calctlated and then multiplied by a
fearning gain (K} to obigin & pre-compensation cotrection. The pre-compensated
correction is then added to the previous target position {primary focal spot 105 in this
example] to obialn an updated target position 502). Re-alignrment of droplet generator
106 to deliver droplets 107 to target position 502 pre-compensates for potential z-axis
displacerment of droplets 107 by positioning the droplets to be pushed into primary focal

spot 105 whan lased {so as 1o thaveby optimize generated plasma).

{571  Asthe method of FIG. 7 is repeated for subsequent bursts, the axis contraliers

slowdy learn how much droplet-to-droplet fesdback, on averags, is needed to re-align

17
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droplets 107 to be on-target, Briefly, after target position 502 is adjusted to pre-
cornpensate for the push-out disturbance in a first burst, the push-out disturbance for
the succeeding {second) burst is reduced. After target position 502 is adjusted to pre~
compensate for the push-out disturbance in the second burst, the push-out disturbance
for the sucteeding {third} burst is further reduced, and so on. This learned pre-

compensation s Hlustrated with simulated data in FIGs, S and 10.

{581  FIG. 9 Blustrates convergence of target pre-compensation over time for
simulated data of a block wave push out with noise. The simulated data dapict droplet
position along the z-axis over tme as drive {aser 101 is fired In & continuous burst mode
with a learning gain equal to 0.5, Bursts are indicated by numbered colunms, During
burst 1 {when target position 502 is set to primary focal spot 105), a push-out 801 of
approsimately 25 pm away fram focal spot 105 is observed. The push-out is correctad
by droplet-to-droplet feedback control which re-aligns the droplet position {albeit later
during the burst) back to primary focal spot 105, During the inter-burst interval
faliowing burst 1, an updated target position 502 {at approximately <12 uny along the z-
ais from primary focal spot 105} is determined {by z-axis controlier 603z}, Whan
droplet 107 is lased during burst 2, droplet 107 is pushed-out {approximately 25 um
along the z-axis) from updated target position 502 to a position that is only about 10 gm
along the z-axis from primary focal spot 105, Because the push-out Is smaller than in
Burst 1, droplet-to-droplet feedback control re-aligns the droplet position back o
primary focal spot 105 move rapidly than in the preceding burst 302, As this process
terates, the push-ouls become increasingly smalier in magnituds and are more rapidly
adjusted during the succeeding bursts with droplet-to-droplet feedback so that droplets
remain on-target. In this example, FUY system 100 has learned by burst 4 to pre-
sompensate target position 502 1o a sufficient degres that droplets are pushed {with
minimal droplet-to-droplet feadback) to within a ressonable distance 904 of primary
focal spot 105 1o generate plasma. Error in droplet position along the z-axis over time
for the simulated data of FIG. 9 is presented in FIG. 10, As shown, EUV system 100 has

reduced the droplet position grror 1004 by burst 4 to within § um of primary focal spot
i ; Y
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105, As discussed above, plasma generated within 5 um of primary focal spot 108

aptimizes BV Hght production.

{897 in another simplified embodiment, neither inter-burst targel pre-compensation
nor droplet-te-droplet feedback control oncurs between bursts, Ong way to achieve this
inoperability is to {1] set error in droplet position to zero {Le., turn off droplet-to-droplet
feadback) during the entive inter-burst interval when the drive laser is not firing so that
no droplet-to-droplet feedback action is initisted during inter-burst intervals and {3}
turn off inter-burst target pre-compensation, In this embodimeant, droplels are targeted
towards the primary focal spot and coordination of droplet position with the primary
focal spot is adjusted by the dropletto-droplet feedback within a burst. This
embodimeant is less expensive to implement, but is fess robust in that disturbances
within the EUV system can negatively impact performance {e.g, EUV output]. For
example, if droplet jump (e, random droplet movement as, e.g., when debris clogs a
nozzie of the droplet generator thereby altering a trajectory of an ejected droplet) is
experienced during an inter-burst interval, there Is no way to steer the droplet
gengrator back to position until BUV s again being preduced. Thus, droplets in a next
burst can be greatly displaced from a desired position—and droplet-to-droplet feedback
may take a long timea or even be unable to reposition droplets to the desired position.
Neverthaless, i there are no disturbances within the laser system, this embodiment
allows hursts of droplets to settle over g short time {e.g., over 3-4 bursts) to a point
where droplets are positioned within an acceptable distance from the primary focal

spol,

{60 in another simplified embodiment, an inter-burst deadband is used instead of
inter-burst target pre-compensation ordropletdo-droplet feedback control. The
deadband is chosen as the region iy which the laser beam hits the droplets, and
therefore allows droplets to be pushed-out pnto the target at every dark-light transient
{e.g., at the start of laser burst-firing). The deadband parameters for the droplet

generator steering control foop are set such that when droplets are a {arge distance
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from the primary focal spot, droplets are steered to the target with droplet-to-droplet
feadback, whersas when the droplets are within a close range {&.g,, 20 gm} of the
primary focal spot, droplets are not actively steered {droplet-tu-droplet feedback is
inoparable). Since droplets do not drift away during short periods {e.g,, a few hundreds
of msecs), the inter-burst deadband brings the droplets back onto target at 2 beginning
of exposure more accurately than the droplet-to-deoplet feedback control. This
smbdiment is independent of the amplitude and divection of the push-out, and

typically does not need Yo be calibrated,

511 instill another embodiment, an inverse control signat can be used in a fead-
forward fashion to move actustors to maintain droplets on target instead of inter-burst
target pre-compensation or droplet-to-draplet {feedback control. In this embediment,
the mial droplet position is determined {as described in step 702 with reference to FIG.
7}, after which an inverse of that position is determined. A control signal for that
inverse position is sent to actuators to reposition the droplet generator to deliver
droplets to an inverse position. Because droplets are generated at a high rate, this
anvhodiment s particularly effective If fast actuators are used to reposition the dropiet

ganerator.

1621  The disciossd method anid apparatus have been explained above with reference
1o several embodiments. Dther embodiments will be apparent o those skilled in the ant
in light of this disclosure. Cerain aspects of the desoribed method and apparatus may
readily ba implemented using configurations other than those described in the
gmbodiments above, or In conjunction with elements other than those desoribed above.
Far example, different algorithros and/or logic cirouits, perhaps more complex than
those describad herein, may be u sed, as well as possibly different types of drive lasers
and/for focus lenses. As another example, embuodiments of the disclosed system and
method have been desoribed with reference to a laser firing in & comtinuous mode,
although embodiments of the system and method hereln can also be implemented in a

faser firing In @ stroboscopic mode.
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183]  Further, it 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 described hereln may be implemented by program instruchions
for instructing a processar to perform such methods, and 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, ora
somputer network wherein the program instructions are sent over optical or electronic
communication Bnks, it should be noted that the order of the steps of the methods

described herein may be altered and stilt be within the scope of the disclosure.

1641 it isto be understood that the examples given are for illustrative purposes only
and may be extended to other implementations and embodiments with different
conventions and technigues. While 3 number of embodiments are described, there is
no intent to fimit the disclosure to the embodiment{s] disclosed herein, On the
sontrary, the intent is to cover all alternatives, modifications, and equivalants apparent

to those familiar with the art

1651 In the foregoing specification, the invention is described with reference to
specific embodiments thersof, but those skilled in the art will recognize that the
invention is not limited thareto. Various features and aspects of the above-describe
invention may be used individually or Jointly. Further, the invention ¢an be utilized in
any number of environments and applications beyond those described herein withouot
departing fraom the broader spirlt and scape of the spacification. The specification and
drawings are, accordingly, to be regarded as illustrative rather than restrictive. It will be
recognized that the terms “comprising,” “including,” and “having,” as used hersin, are

specifically intended to be read as opsn-ended terms of art.
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CLAIMS

What iz clgimed is;

1. A method of pre-compensating for push-out from a primary focal spot of target
material droplets during burst-firing of an extreme ultraviolet faser light source
comprising:

sensing one of more droplet duving a burst, the one or more droplet delivered
from a droplet generator to g target position at which the one or more
droplet is 1o be lased;
calculating an axial position for each of the one or more sensed droplet in the
Burst;
estimating an open-loop droplet position for each of the one or mote dropletin
the burst by subtracting dr-apiet-to-drqp!et feedback for each of the one
or move droplet in the burst from the calculated axial position for each of
the one or more droplet in the burst;
calculating, after the burst has ended, 2 pre-compensation correction based on

the open loop droplet position from the one or more droplets in the
burst;

calculating an updated target position with the pre-compensation correction;
and

commanding one oy more actuator to reposition & droplet generator to deliver,

during a succeeding burst, droplats of target material to the updated
target position,

The methad of Claim 1 wherein the burst is a long burst fived within a continuous
burst mode.

The method of Claim 1 whereln the burst is a short burst fired within a stroboscopic
burst mode.

22
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4. The method of Claim 1 wherein the target position is a primary focal spot.

5, The method of Claim 1 wherein the axial position for each of the one or mors
droplet in the burst is a position along a 2-axis for each of the one or more droplet in

the burst.

The method of Caim 1 wherein the adal position for each of the one or more

E’.?';

droplet in the burst is a position along a y-axis for each of the one or more droplet in

the burst,

i

The method of Clabm 1 wherein the wrg-compensation correction is basedon a

learning galn.

8. The method of Clain 1 wherein the one ormore actuator is a fine movement

actuator.

The miethod of Claim 1 wherein at least one of the ane or more actuator is a coarse

w

movement actuatar.

10, A system for pre-compensation of push-out Trom a primary focal spot of target
material droplets during burst-fiving of an extremes ultraviclet laser light source
conupising

a droplet gensraton
3 SENSON;
ohe of more axis controller;
one or more actyator to position the droplet generator;
wheretn
the sensor senses one of more droplet during a burst, the one or more draplet
delivered from the droplet generatorto 8 target position at which the

one or more droplst is to be lased; and
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tha one or more axis cantrolien

catculates an axial position of each of the one or more droplet;

estimates an ppen-loap droplet position for each of the ane o more
sensed droplet in the bursy;

calculates, after the burst has ended, a pre-compensation correction
based on the open-ioop droplet position of the one or miore
droplet inthe burst;

galcuiates an updated target position with the pre-compensation
correction; and

commands one or more actuator to reposition the droplet ganerator to
deliver, during a succeading burst, droplets of target materiaito

the updated target gosition.

11, The system of Clalm 10 wherein the burst iz a fong burst fired within a continuous

hurst mode.

12. The systermn of Claim 10 whereln the burst is a short burst fired within a stroboscopic

burst mnde,

13, The system of Clalm 10 wherein the target position is a primary focal spot.

14. The system of Claim 10 wherein the axial position for each of the one o more
droplet in the burst is a position along a z-axis for each of the one ormore droplet in

the burst.

15, The system of Claim 10 wherein the axial position for each of the one or more
droplet in the burst is a position along a y-axis for gach of the one or more droplet in

the burst,

P
o
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16, The systerm of Clalm 10 wherein the pre-compensation correction is based on a

learning gain.

17, The system of Claim 10 wherein the one or more actustor i3 a fine movement

actyatar.

I8, The system of Claim 10 wherein st least one of the one or more actuator is a coarse

movement actuator,
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