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ultraviolet tight (EUV) system varies based OH how well the laser beam can
maintain focus on a target material to generate the plasma that gives off light.
The system and method described herein optimize EUV light generation by
using a closed-l'oop gradient process to track and fine-tune in real-time the
l positioning of optical elements that determine how the laser beam is focused

on the target material. When real-time alignment of the drive laser on droplet
position Is achieved, EUV generation is optimized.
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SYSTEM AND METHOD TQ OPTIMIZE EXTREME ULTRAVIOLET LIGHT GENERATION

BACKGROUND OF THE INVENTION

CROSS-REFERENCE TO RELATED ABPPLICATIONS
[i] This application claims priority to U5, Provisional Fatent Application No.
61/653,979 filed May 31, 2012, entitled "SYSTEM AND METHOD TO OPTIMIZE EXTREME
ULTRAVIOLET LIGHT GENERATION” Attorney Docket No. PALIGSPRY, and LLS. Uglity
Patent Application No. 13/548,261 filed July 13, 2012, entitied "SYSTEM AND METHOD
TO OPTHVIZE EXTREME ULTRAVIOLET LIGHT GENERATION” Attarney Docket No.

PA1165LS, the entire contents of which are incorporated herein by reference.

Finld of the Invention

{2 The present invention relates generally (o optimization of extreme ultravinlet
{EUV) Hight gensration, particularly dosed<oop adjustment of optical elemant setpoints

to optimize alignment of a laser beam onto a target droplet.

Descrintion of the Prior Ant

13} The semiconductor industry continues to develop lithographic technnlogies
which are able to print ever-smaller integrated cireuit dimensions. Extrame uitraviclet
{"EUV"} Hight {also sometimes referred 1o as soft w-rays) s generally defined to be
glectromagnetic radiation having wavelengths of batween 10 and 110 am. ELV
lithography is generally considerad to include FUV light at wavelengths fo the rangs of
10~ 14 nm, and is used to produce axtremely small features {e.g., sub-33 nm features)
in substrates such as silicon wafers. These systems must be highly relisble and provide

vost-gffoctive throughput and reasonable process latitude.

{4} Mathods to gensrate EUV light include, but are not necessarily imited to,
converting a material into a plasma state that has one or more elements {8.8., xenen,

lithium, tin, indium, antimony, tellurium, aluminum, et} with one or more emission
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fine{s) in the EUV rangs. In one such method, often termead laser-produced plasma
{"LPPYY, the required plasma can be generated by irradiating a targel material, such as a
droplet, stream or cluster of material having the desived fine-emitting element, with a

faser bean at an irradiation site within an LPP EUV souwrce plasma chamber

i3} The line-amitting element may be in pure form or alloy form {e.2., an alloy that is
a Hguid st desired temperstures), or may bemixed or dispersed with another material
such as a Hoguld, Delivering this target material and the laser beam simultaneousiy tu a
desired irradiation site within an LPP EUV source plasma chamber for plasma inftiation
presents certain timing and contral problems, as it is necessary to hit the target properly
iy order to abiain sufficient plasma to maximize UV light generation. In fact, the
position of the Jaser beam focus relative to the droplets detevmines, in part, the power

output of the UV light source,

{6} Thus, the laser beam must be focused on a focus position through which the
target material will pass, and must be timed so as to intersect the targel material when
it passes through that point, In a three-dimensional space, drops of the targst material
travel along an xeaxis and the laser beam travels along a z-axis {with a y-axis Intersecting
the x- and z-axes). The focus position of the laser beam is determined by two separate
optical elements: a lens {the “final focus lens” or “FF lens”) and a steering mirror {the
“final focus stesring mirroy” or “FF steering mirvar”}. To kesp the laser beam fooused on
the focus position, an FF mirror (FFY) controd loop algorithm directs alignment of the
stesring mirvor to position the {aser beam along the y-axis and an FF lens {FFZ} control

loop algorithm calibrates lens alignment to position the laser beam along the z-axis.

] Within current LPP EUV systems, these feedback control loops are used 1o
dyrnamically track and adjust axial positioning of the FF lens and the FF steering mirror in
order to control lens alignment. A sensor {e.g., a return beam diaghostic {RBD) camera)
can determing a relative focal position—that is, where the beam is focused relative to

the droplet. Thus, in theory, one can implement a feedback control loop receiving hp



WO 2013/180884 PCT/US2013/039119

frenm a relative focal position sensor to maintain the laser heam focused on the target
material {e.g., droplet). The problem with a RBD approach, however, is that it can yvigld
a biased measurement that can indicate movement of the relative beam-to-droplet
alignment when, in reality, the alignment is stationary. Thus, control algorithms based
on input from relative focal position sensors are of limited wtility. Whatis needed,
therefore, is an improved way 10 accurately track and adjust the position of sach optical

element so as to be able to maintain focus of the laser beam on the droplet.

SUMMARY
{5 in one smbodimant s provided a method of positioning an optical slement to
optimize power sutput from an extreme ultraviolet {(EUV] light source comprising:
measuring with a sensor a metric of a proxy function having an extremurm corvelated
with makimum EUV generation, the metric resulting from a focal setpoint of the EUY
light source relative 1o a target droplet, the focal setpoint based on a curvent position of
the optical slement along an axis; removing by a computing device DC bias from the
metric; extracting by the computing device a gradient of the blas-removed metrlo with
respect to the position of the optical slement; determining by the computing device an
average gradient for the metric gradient; estimating by the computing device based on
the average gradient a current position setpoint for the optical element along the axig;
augmenting the estimated cureant position setpoint with a dither signal o obtain a
target setpoint; and outputting by the computing device a control signal for adjusting an
actuator to change the position of the optical element along the axis from the current

prosition setpoint to the target setpoint.

9 in another embeodiment is provided a maethod of positioning two optical
elerments to oplimize power output from an extreme ultvaviolet {EUV] light source
comprising: measuring with a sensor a metric of 2 proxy function having an extramum
correlated to maximum EUY generation, the metvic resulting from a focal setpoint of the
EUY light source relative to a target material, the focal setpoint based on a first current

pasition of the first optical element along a first axis and a second current position of

w3
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the second optical element along a second axis; removing by a compuling devige DO
hias from the metric; extracting by the computing device a first gradient of the bias-
remavad metric with respect to the position of the first optical elament and a second
gradient of the metric with respect to the position of the second optical elemaent;
cietet{mining by the computing device a first gradient average for the metric first
gradient and a second gradient average of the metyic secondd gradient; estimating by the
computing device a frst current position setpoint for the first optical slemsnt along the
first axis based on the first gradient average and a second current position setpoint for
the second optical slement along the second axis based on the second gradient average;
augmenting the estimated first current position setpoint for the first opticst element
with a first dither signal to obtain a first target setpoint and the estimated sscond
current position for the second optical elemeant with a second dither signal to obtain a
second target setpoint; and outputting by the computing device a first control signal for
adjusting a first actuator to change the position of the first optical element along the
first mds from the first current position setpoint to the first target setpoint and a second
control signal for adjusting a second actustor to change the position of the second
sptical slement along the second axis from the second current position setpoint to the

sacond targst setpoint,

{10} A system for positioning an optical element to optimize power output from an
extreme ultraviolet {EUV] light source comprising: one or more sensors configured to
measure a metyic of @ proxy function having an sxtremum correlated to maximum WV
generation, the metric resulting from a focal setpoint of the UV light sourte relative to
a target material, the focal setpoint hased on a position of an optical element along an
axisy and a computing device configured to remove DC bias from the metric; extract &
gradiznt of the blasrernoved meatric with respact to the position of the optical element;
determing an average gradient for the metric; estimate a position setpoint for each
optical element hased on the average gradient; augment the position setpoint estimate

with a dither signal to obtain 3 target setpoint; and output 8 control signal for adjusting
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an actuator to change the position of the optical element along the axis to the target

seipaint,

(1] A neon-transitory computer readable mediun having stored thereupon
computing instructions comprising: a code segment to measure with a sensor a mairic
of a proxy function having an extremum correlated to madmum EUY generation, the
metric resulting from a focal setpoint of the EUV light source relative to a target droplet,
the focal setpoint based on a current position of the optical element along an adls; a
code segment to remove by a computing device DO bias from the metrig a code
segment to extract by the computing device a gradient of the blas-removed meatric with
respect to the position of the optical element; a code sepment 1o determine by the
computing device an average gradient for the metric gradient; & code segment ta
estimate by the computing device based on the average gradient a current position
setpoint for the optical element along the axis; a code segmaent to apgment the
estimated current position setpoint with a dither signalto oliain a target setpoint; and
a code segment 1o sutput by the computing device a control signal for adjusting an
actuator 1o change the position of the optical element along the axis from tha current

position setpoint to the target setpoind.

(2] Anoun-transitory computer readable medium having stared thereupon
computing instractions comprising: @ code segment to measure with g sensor a metric
of & proxy function having an extremum correlated to meaxdmum EUV generation, the
metric resulting from a focal setpoint of the EUV light source relative to a target
material, the focal setpoint based an a first current position of the fivst optical element
along a first axis and a second current position of the second optical slement along a
second axis; a code segment to remove by & computing device DT bias from the metiig
a code segment to extract by the computing devige a first geadient for the blas-removed
matric with raspect to the position of the first optical element and a second gradient of
the bias-removed metric with respect to the position of the second optical element; a

cotde segment o determine by the computing device a first gradient average of the

4
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metric first gradient and a second gradient average of the metric second gradient; s
code segment to estimate by the computing device a first current position setpoint for
the first optical element along the fiest axis based on the fivst gradient average and a
second current position setpoint for the second optical slemant along the second axis
based on the second gradient average: a code segment {0 augment the estimated first
gurrent positinn setpoint for the first optical elementwith a first dither signal to obtaln a
first target setpoint and the estimated second current position for the second optical
element with a second dither signal to obiain 3 second target setpoint; and a code
segraant to output by the computing device a first contral signal for adjusting a first
actuator to change the position of the first optical element along the first axis from the
first current position setpoint to the first target setpaint and a second control signal for
adiusting a second actuator to change the position of the second optical element along

the second axis from the second current position setpoint to the second target setpoint.
BRIEF DESCRIPTION OF DRAWINGS

131 FIG. 1is a schematic Hlustrating some of the components of 2 typleal LPP EUV

system 100,

(141 FIG. 2is a diagram depicting EUV system components involved in optimization of

ELIY output according to one embodiment,

18] FIG. 3 shows a three-dimensional UV energy map in which mean integrated

burst energy is plotted as a function of {y-, 2-} axial position.

ey FIG 4 shows a three-dimensional energy map of a prosty function n which burst

fength is plotted as a function of {y-, 2} axial position.

{17 FIG. 5 shows g three-dimensional contour map of a prory output function {burst
fength) over the yz-plane aligned with a three-dimensional contour map of burst energy

aver the yz-plans.
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18]  FIG. §is a block diagram providing an overview of a feedback controt loop to

optimize axial positioning of the optical element aceording to one embodiment.

(18] FIG. 7is a flowchart detailing a method of optimizing axial positioning of the

pptical element along an axis according to one embodiment,

28]  FIS. 8is a block diagram detalling the control algorithm used to optimize axial

positioning of the optical element according to one ambodiment.

21} FIG. 8 shows exemplary data in 8 contour plot of mean pulse count as a function
of {y-, 2-1 axial position with a trajectory of adjustments to FF lens and FF mirror

§

pasitions superimposed.

DETAILED DESCRIPTION OF THE INVENTION

221 FIG. 1 Hlustrates some of the components of a typical LPP EUV system 100, A
drive {aser 101, such as 3 CO; laser, praduces a laser heam 102 that passes through 8
beam delivery system 103 and through focusing optics 104 {comprising alens and 3
steering mirror). Focusing optics 104 have a primary focal spot 105 st an irradiation site
within an LPP EUV source plasma chamber 110, A droplet gensrator 106 produces
droplets 107 of an appropriste target material that, when hit by laser beam 102 at the
irradiation site, generate a plasma which irradiates EUV light. An elliptical milrror
{“collector”) 108 focuses the EUY light from the plasma at s focal spet 109 {aiso known
as an intermediate focus position) for delivering the gengrated EUV lightto, g, 8
fithography scarmer syster. Focal spot 109 will typically be within 3 scanner {hot
shown) comtaining the bosts of wafers that are to be exposad to the EUV light, with &
sortion of tha boat containing wafers currently being irradiated being located at focal
spot 109, i some embodiments, there may be multiple drive lasers 101, with beams
that all converge on focusing ontics 104, One type of LPF EUV light source may use 8
£0, laser and a zine selenide {ZnSe) lens with an anti-reflective coating and a clear

aperture of about 6 to 8 inchas.

~ak
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(231 A magnified schematic of focusing optics 104 within the typical LPP EUV system
is shown in FIG. 2. Focusing optics 104 comprises an FF lens 201, the setpoint of which
{"FF lens setpoint”) is correlated with positioning slong the z-axis of primary focal spot
105, and an FF mirror 202, the setpoint of which {“FF steering mirror setpolnt”] is
correlated with positioning along the yv-axis of primary focal spot 105, The setpoint of
droplet generator 106 determines positioning along the x-axis of primary focal spot 105,
Thus, the {x, v, 2} position at which the laser Is focused {8 “focal setpoint”} comprises the
FF lens setpoin; the FF steering mirror setpoint, and the droplet generator setpoint.
Control of the focal setpoint along the x-axis {s not further discussed harein, and istobe

considered constant for the purposes of further discussion herain,

(4] Energy output from the LPP BUV system varies based on how well the position of
laser beam 102 {determined by the focal setpoint] can be focused and can maintain
focus an primary focal spot 105, Athree-dimensional energy map that shows energy
output {e.g., burst energy) as a function of positioning of primary focal spot 108 along
the y-axis and z-axis can be generated by measwing EUV energy at each grid location In
a yz-parameter space grid {Le., by mpasuring EUV energy at svery {y, ) position}. An
axemplar EUV energy map showing integrated burst energy plotied as a function of {y-,
z-} axial position is presented in FIG. 3. Asindicated by an arrow, an optimal focal

setpoint can be identified at which maximal energy is achieved,

251  Maximizing LPP EUV output in realtime and/or maintaining a relative alignment
of the {aser bearm and the droplet is difficult, however, because naither the energy map
nor the optimal FF lens and FF mirror positions are known at light source startup. The
LPP EUV system can determing a relative focal position of the laser beam to the droplet
and this measurement can, in theory, be used in 2 feedback loop to contral real-tims
focal setpoint positipning. In practice, however, sansors measuring refative focal
position cannat reliably achieve focal setpoint and are, therefore, not suitabile for real-

time focal position controll
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{26]  The system and method desaribed hereln optimize LPP EUV output by using 8
closgd-toop gradient optimization process to track and fine-tune the focal setpolnt and
thereby maintain reasltime alighment of the drive laser on droplet position. Because a
closed-loop energy map is flat {and therefore provides little gradient information), an
gasily maasured proxy function for output energy is used in place of actual energy
putput. The proxy function is an output function {e.g., pulse count per hurst {“burst
fength”}, pulse energy, or radic frequency [RF}) correlated to EUV output such that the
proxy function has an extremum (maximum or minimum) correlated with maxdmum
EUV output. A three-dimensional contour plot for an exemplar proxy function {burst
fength) is shown in FIG. 4. As indicated by an arrow, the optimal ly, 2} setpoint yigids an
optimized {here, minimized) burst length. Because the proxy fuaction of FIG. 4 is
aligned with an EUV energy map, minimum burst length necessarily corresponds, as

szen in FIG, 5, with maximum EUV output.

{271 The control algorithm of present intersst relies on dithering the FF lens and/for FF
nyirror to ensure that the relative lens and mitror remain in positions such that optimal
EUY energy is achieved in real time. Feedback control based on dithering of an optical
glement has historically been a disfavored approach because of bwo fssues, The first
issus involves EUV power. €Oy laser energy is a limiting factor in EUV light generation.
Secause a finite quantity of €0, is available within the LPP EUV system, introduding
additional EUV perturbations through dithering of the FF lens {or FF mirrer) incurs
additional {undesirable} FUV generation quality errors that have to be sccommuodated
fy inducing a change to CO: energy. The second issue involves measurement stabilivy.
i addition to not being known at aser startup, the energy map drifts rapidly during
faser firing. Thus, measwing and actuating Tast enough to estimate where the energy
rnap is moving is difficult. That tracking of dreplet with lens and mirror positioning can
b tracked rapidly enough using a dithering approach was not known before advent of

the solution described herein,
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{281 The gradient method described herain allows an optical element controfler to
iteratively dither the position of the FF lens andfor FF mirror based on feedback
acquired from the proxy function {e.g., pulse count per burst) until the proxy function—
and thereby the cutput energy—is optimized. By applying perturbstions to the lens
and/or mirror position, an average gradient for the proxy funclion with respect to
optimization parameters {e.g., FF lens position and/or #F mireor position) can be
determined using an average energy measurament from several sensors spatialiy
distributed around the plasma chaniber {i.e., one metric of the proxy function) for each
iteration of the gradient process. The lens and/or mirror position can then be adjusted
to drive the average gradient of the proxy function tawards a predefined offsst
{typically 8). Successive iterations of the closed-loop gradient grocess allow the
average gradient to approach successively closer to the pradefined offset. When the
average gradient reaches the predefined offset, the proxy function, as well as the LPP

UV putput, is opthnizad.

291 Thus, the method provides an alternative to currently used RBD camera
feadback-based focus control, The optimization process can be used, moreovet, in

i
conjunction with a feed-forward mechanism to compensate for known drift In setpoint

acation due torthermal effects on the FF lens and FF minror,

(3] A block diagram providing an overview of the feedback control loop used to
optimize the position of the optical element{s) {e.g., the FF lens antdfor FF mitror)
accarding to one embodiment is presented In FIG. & LPP EUV systenm 100 generates
EUY light within LPP EUV source plasma chamber 110 as discussed with respect to FIG.
1. One or more sensor 602 {inside or outside LPP EUV source chamber 110} senses one
or more property {e.g., pulse count per burst {"burst length®), pulse energy, or radio
frequensy [RE)) of the generated EUV light, The sensed property {La, 2 “metric” of the
sutput proxy function), J, is then passed 1o one or more optical slement controller 503

to be used in the optimization of the FF lans andfor FF mirror position{s},

10
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(311 Optical slement controller 603 can be a FF lens controller 803z, andfor a FF
mirror controlier 803y, Optical element controller 603 determines a new axial position
for the optical element {along the r-ads for the FF lens andfor along the y-axis for the FF
mirrar) with a gradient optimization process {discussed in greater detail herein). Optical
element controller 603 then communicates a command 1o an optical element actuator
such as a stepper motor {2, to FF lens actuator 604z and/for vy to FF mirror actuator
G04y) to actuate movement of the FF lens along the z-axis to that new position {2}
and/or movement of the FF mirror along the yv-axis to that new position {y}. EUV systam
100 can then again lase, this time with a repositioned foral setpoint basad on the new
commanded position for the FF lens and/or FF mirror. Feedback controlied positioning
of the FF lens antd feedback controlled positioning of the FF mirror can be performed

concurrently or indepandenthy,

313 The methods embodied hersin use some assumptions. The first assumiption is
that an initial setpoint of the FF lens and/for FF mirror {e.g,, at laser startup) isfare
established within an optimal setpoint’s region of attraction {RoA}. The RoA depends on
the shape of an aptimization space {i.e,, bounded area within which wxial positioning
can be optimized). 1 the initial setpoint is assigned cutside the RoA, convergence to
locat {and incorrect) extrema can occur. The second assumption is that the setpoint of
the FF tens and/or FF mirror can be maintained within the RoA {e.g., via feed-forward
compensation). The third assumption is that drift in the optimal setpoint of the FF lens
and/or FF mbror due to thermal effects can be counterbalanced according to an
assumed drift tralectory. These assumptions are useful for two reasons, Flrst,
generation of § EUV energy is a fixed point {Le,, an extramur} of the energy map. Thus,
unlass some FUV is being generated, the dithering process discussed herein will not
move the focal setpoint, Second, although local sxtrema exist within small regions on
the energy map, ail of those local extrema do not tead to desirable EUV generation
properties. Thus, it is important to begin the dithering method inv 2 position that can

adjusted to the optimize position.
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(33]  The gradient foop used 1o optimize the position of an optical element (FF lens or
FE mirror) according to one embodiment is detailed in both the simplified flowchart of
FIG. 7 and the mathematical block diagram of FIG 8. The steps of FIG. 7 and the blocks
of FiG. 8 ara correspondingly numbered {e.g., step 702 of FIG. 7 corresponds to block

BO2 of FIG. B} 50 25 to permit discussion of FIG. 7 with continual reference 1o FIG, 8.

341 Instep 701, a metric {symbolized as Jin FIG. 8} of the proxy function for total
EUV energy output is measured by sensors within the laser system and communicated
to optical element controller 603, For example, the number of pulses within g burst can
be sensed to nbtain the metric “pulse count par burst” {or “burst length”) for given FEY
and FFZ setpoints {e.g., v and ;). The metric can be any EUV output metric that has an
extreraum {maimum or minimum) correlated to maximum EUV generation {e.g,, pulse
count per burst {“burst length”}, radio-frequency, average pulse energy, burst length,

andfor burst energyl.

35)  Instep 702, optical element controller 603 removes DC bias {constant
components} from the metric waveform to be optimized. The effect of removing the DC
bias Is to set the mean of the metric waveform to 0. As shown in block 802, the DC bias
is ramaved by filtering the metric waveforn with a high-pass {washout] filter such as

that defined by the equation

# =1

wherain z s a discrete z-transform variable, fi,, = 1 = 7975 g js the perturbation
frequency, Ap is the high-pass filter cuteff frequency, and Ts is the sampling time. The
high-pass filter can be  known standard filter structure {e.g., a first order Butterworth

filter) or, in other embuodiments, @ more general highpass Hlter,

36]  In step 703, optical element controlier 803 extracts an estimated gradient with

respect to the optimization parameter {e.g., the change by the metric waveform as a

12
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function of the FF lens positiory or the FF mirror position) from the high-pass filtered
metric waveform of step 702/block 802, As shown in blogk 803, the estimated gradient
is extracted by demodulating the output of the high-pass filtgr, as for example, by

]

multiplving the high-pass filter output by a demodulator signal 807, Demodulstor signal

b

807 can be g sinysolsd such as
siny {end)

wherein o is the perturbation freguency and s a disorete thme index. Demodulation
signal 807 can be sinusoidal or otherwise {e.g., white noiss or hand-limitad white noise

created by using & standard random number generator).

{37 I step 704, optical element controlier 803 determines the average gradisnt by
filtering the estimated gradient obtained in step 703/block 803 with a low-pass filter

such as that defined in block 804 by the equation

x; £ b

~

2= {1~ fy,)

whereln z is a discrete z-iransform varlable, fiy, = 1~ g BTy

¢ I the perturbation
frequency, {p is the low-pass filter cutoff frequency, and T is the sampling time. The
low-pass filter attenuates excessive osciilations {g.g., high frequency components)
within the ssthmated gradient, and thereby reduces high-frequenty noise not correlated

with the optical element.

1381 In step 705, optical element controller 803 further attenuates high-frequency
terms within the low-pass filtered gradient average ohtained from step 704/block 804
and generates an estimated position setpoint for the optical elemeant through the use of
a discrete integrator {or Yaccumulator”] that can be {as shown in block 805}, but need

not be 8 sinusold such as
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wherein z is a discrete p-transform variable and v is a lowpass-filter cutoff for the
integrator. in essence, the integrator acks to drive its input {the average gradient}to a
predefined offset {typically 0}, The integrator outputs the estimated position setpoint of
the optical element. # the average gradiant of step 704/block 804 is not equalio 0, the
estimated position setpoint of the optical element output from the integrator changes
from the estimated position setpoint of the previous eration through the gradient
loop. As the process depicted in FIGs, 7 and 8 iterates, the average gradient of step
F04/block 804 approaches 0 and the integrator outputs surcessively smaller magnituds
step changes from an inmediately preceding position setpoint for the optical element.
When the average gradient of step 704/block 804 Is egual to §, the optical slementis
already optimized, so the integrator turns off (Le., does not sutput the estimated

position seipointl,

39 The estimated position setpoint is essentially the magnitude of the average
gradient plus the current position offset x. As anexample, I the average gradient s I,
e integrator outputs an estimated position setpoint that would roove the optical

element to a new position thatis +1 unit from the previous position offset x.

48]  Because the integrator is a lingar block, if the gradient estimate of step 704/
block 804 is positive, the estimated position setpoint for the pptical alemant will cause
the optical element to move in the same direction as during the previous iteration of the
gradient loop, whereas if the gradient estimate is negative, the estimated position
setpoint for the optical element will cause the optical element to move in a different

diraction fron the previous iteration of the gradient loap.

{417 Because the integrator of step 705/block B0 has memory and tracks where the
optical element is, the estimated position setpoint to be output from step 705/block
805 can be an ahsolute position setpoint {e.g, linear covrdinate] or an cutput

adjustment {&.g., move the setpoint +.2 jum),

i4
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(421 In step 708, optical element controlier 603 augments the estimatad setpoint
position {generated in step 705/block 805) with a dither signal. The effect augmeanting
the estimatsed setpoint position with the dither signal is to perturb the previous setpoint
pasition {estimated in step 705/block 805) and thereby obtain a {new) target setpoint
for the optical element. The modulation signal 808 used to effect this perturbation can

by, but need not be a sinusoldal function, as, for example,
a4 sinfol)

wherein [ is the perturbation magnitude {i.e., amplitudes), o is the perturbation
frequency, and 1 i 2 discrete time index. The target setpoint converges to @
neighborhood of an ideal setpaint with the neighbiorhood size depeniding inversely on

the perturhation frequency and proportionally to the perturbation mageitude,

{43 Instep 707, optical element controller 603 nutputs a target setpoint command
to the optical element actuator {e.g., the stepper motor for the FF lens or FF mirrov).
The optical element actuator, in turn, transiates the optical element along its axis to the

target setpoint for that optical element {not shown},

144)  When the source generates EUV with the focal point based on the target
setpoint, the feadback controlloop returns to step 701 and reiferates the gradient
method for another instance of the metric {Le., the metric resulting from the adjusting

the optical element to the target setpoint).

145]  ingeneral, successive iterations through the gradient loop provide local
convergence rasulls e, optimize energy output by fine-tuning the positioning of the
optical element within a region of interast], but for energy output maps that are
sufficiently concave and possess a single maxirum {or convex and possess and single
arinimum), semi-global convergence results {Le., optimize snergy output by grass-tuning

the positioning of the optical element within a widser region] can be obtained,
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el Multivariate Fmbodiments, Two-dimensions! optimization {Le,, along both the
2~ and y-axis} can also be achioved using the feedback contro! loop. Two assumptions

are mads for two-dimensional optimization, namsly that
s any phase introduced by actuator dynamics is nagligible; hence ¢ = ¢h= 0 and
s I sinusoids are used as dither signals, the sinusold freguencies iy # Wy

47 Due to the orthogonality of sine and cosine waves, the sscond assumption can
be relaxed, and any two gradient foops may utilize the same perturbation frequency w if
one loop employs sine waves and the other cosine waves, However, any
uncompensated phase effects will diminish performance, so using the same

perturbation frequency is not preferred.

(48] When implementing the multivariate embodimeants, coupling exists betwesan the
FEZ anid FFY feedback comirnl loops once the sensor measurement is made, s
assumad that the errors incwrred by lgnoring the coupling are small enough to be
ignored in the process described herein. Thus, gradient loops can be run at different
update rates and can use signals {sinusoldal or otherwise} with frequencies that are

Hmited only by their respective actuators,

1491 Implementution Guidelines. The parameters of the gradient loop balance
several tradeoffs Including, In particudar, the rate of convergence versus the size of the

convergence nejskborhood.

is8;  Inyet auother embodiment, the target setpoint outputin block 707 becomes
{after haing filtered by a band-pass filter) demodulation signal 807 for the next iteration
through optical element controt loop 803, The band-pass filter is selected to attenuate
the noise ay both the performanse metric measurements and the optical element
position measurements, Convergence analysis can be performed when using high-pass
filters {as discussed herein) and the same average error system tan be found. The

benefit of this embodiment is that uncompensated phass effects are not a concern, The

16
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price to pay for this benefit is that additional noise is injected into optical element
controller 603 and additional filters may need o be added to attenuate this added
noise. The cutoff frequencies of the hand-pass filters in this embodiment should be
chosen to be equal to the frequency of the modulation signal, that s, equalio o
Further sxplanation can be found in S Van der Meulen, et al, “Combining extremum
seeling control and tracking control for high performance CVT pperation”, In Prog, IEEE
Conf. on Decision and Control, Atlants, GA, Dee. 1010, pp. 3668-3673, herehy

incorporated herein by reference in its entirety.

511 by 2 simalated test case of the present approach, FFZ tens controller 603z was
used to pasition the FF lens and FFY mirror controller 603y to position the FF mirror so

that the mean pulse count per burst was minimized,

531 At each iteration of the gradient loop, the mean pulse count pey burst was
computed over the bursts since the previous teration. A contour plet of mean pulse
count per burst as a function of the ly, 2}-position is shown in FIG. 9. Initiel setpoints of
the FFZ lens and FFY stesring rairror along theilr respective axes are denoted by the dot.
The trajectory of the FF lens and the FF steering mirror target setpoints over suceessive
iterations of the gradient loop are superimposed on the contour plot. As can be seenin
the figure, the target setpoints along the v and z-axes ware adjusted through successive
itergtions of the gradient loop to bring the axial setpoints successively closer to the
optimized {y, 7}-position at which point the mean pulse count per burst is minimized.
Bacause mininum pulse count per burst corrslates with maximum energy output, the
aptimized positioning of the FFZ along the z-axis and the FFY steering mirror along the y-
axis indicatzs combined targat setpoints vielding the focal sepoint that generates

maximat BUV epergy,

1531 To aveid s prolonged discussion of thermal effects on the system {which cause
the pptimization map to drift) and the feed-forward compensation for these effects, this

stmulation was done with a fixed optimization map, Howaver, simflar results are
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phtained when the simulation includes drift of the optimization map. Quantization
affects for the lens stepper motor were included, as were saturation Hmits for both the
FFY and FF2 feedback control ioops. Currently, the simulstion does not support
independant update rate for the FFY and FFZ feedback control loops; otherwise, the
uptate rate and perturbation frequency for the FRY feedback contral loop could be

increased since the actuation is not as limiting as that in the FF2 feedback control loop.

34 One of skill in the art will understand that the system and method desaribed
herein can he implemented with gradient parameters in continuous rather than discrete

time with appropriate analogue clrouitry.

s8] The disclosad method and apparstus has been explained above with reference
to several embodiments. Other embodiments wilt be apparent to those skilled in the art
i Hght of this disclosure, Certain aspects of the described method and apparatus may
readily be implersented using configurations other than those desoribed in the
embadiments sbove, or in conjunction with elements other than those described above.
For example, diffgrent algorithms and/or logle civeuits, perhaps more complex than
those described hereln, may be used, as well as possibly different types of drive lasers

andfor focus lenses,

{861 Further, it should also be apprecisted that the deseribed method and apparatus
can be implemented in numerous ways, including as a process, an apparatus, ora
system. The misthods described hergin may be implemented by program instructions
forinstructing a processor to perform such methods, and such mstractions recorded on
a computer readable storage mediuny such as a hard disk drive, floppy disk, optical dise
such 85 a compact disc {CD) or digital versatils dise {DVD), Hlash memory, ste, or a
computer network wherein the program instructions are sent over optical or glecironic
communication links. It should be noted that the order of the steps of the methods

described hereln may be altered and still be within the scope of the disclosure,
p
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31 Itisto be understood that the examples given ars for illustrative purposes only
and may be extended to other tmplementations and embodiments with different
ronventions and technigues. While a number of embodiments are described, there is
no intent to Hait the disglosure to the embediment(s) disclosed herein. On the
contrary, the intent is to cover all altsrnatives, modifications, and equivalents apparent

1o those familiar with the art,

58]  in the foregoing specification, the invention is describad with reference to
specific enmbodiments thereof, but those skilled in the art will recognize that the
invention IS not limited thereto. Various features and aspects of the shove-described
invertion may be used individaally or jointly. Further, the invention can be utilized In
any number of environments and applications beyond those described harsin without
departing from the broader spirit and scope of the specification. The specification and
drawings are, accordingly, to be regarded as illustrative rather than restrictive. T will be
recognized that the terms “comprising,” “including,” and “having,” as used hereln, are

specifically intended to be read as open-ended tervas of att.
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CLAIMS

What is cloimed is:
1. A method of positioning an optical element to optimize power output from an
gxtreme ultraviobet {EUV) light source comprising:

{al messuring with a sensor 2 metric of a proxy function having an extremum
correlated to maximum EUV generation, the metric resulting from a focal
setpoint of the EUV light source relative to a target material, the focal
setpoint based on a current position of the optical elemant along an axis;

{b} removing by a compuiing device BT blas from the metrig

{¢} extracting by the computing device a gradiant of the blas-removed metric
with respect to the position of the optical element;

{d) determining by the computing device an average gradient for the metiic
gradient;

{g) estimating by the computing device based on the average gradient a current
position setpaint for the optical element along the axis;

{f} augmenting the estimated current position setpoint with a dither signal to
ohtaln a target setpoint; ang

{g} outputiing by the computing device a control signal for adjusting an actuator
to change the position of the optical element along the axis from the current

position setpoint to the target setpoint.

frb

The method of Claim 1 whersin the metric is a pulse count par burst, burst length,

average pulse energy, orradio frequency.

3. The method of Claim & whereln steps {a), (b}, {c}, {d}, (e}, {f}, and {g) are repeated

unti the metric is optimized,

20
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4. The method of Cains 3 wherein the proxy function is optimized when the extramum

carrelated to maximum EUV generation is achieved,

i

The method of Clalm 3 wherelh the optimized metric is maximized.

{,‘I’s

The method of Claim 3 wherein the optimized metric is minimized.

7. The method of Clalr 1 wherein the optical element is a final focus fens and the axis

i5 & 2-axis,

8. The method of Clalm 1 wherein the optical element is a final focus steering mirror

and the axis is a y-axis.

8. A methed of positioning two optical elements to optimize power output from an
extreme ultrgvinlet {EUV) light source comprising:

{a) measuring with a sensar a metric of a proxy function having an extrenum
correlated to maximum EUY generation, the metric resulting from a focal
setpoint of the EUV light source relative to a target material, the focal
setpoint based on a first current position of the first optical element along a
first axis and a second current position of the second optical element along a
second axis;

(b} removing by a computing device DT bias from the metric

{¢} axtracting by the computing device a first gradient of the bias-removed
mietric with respect to the position of the first optical element and a second
gradient of the metric with respect to the position of the second aptical
glement;

{d} determining by the computing davice & first gradient average for the metic
first gradient and a second gradient average of the metric second gradient;

{e} estimating by the computing device a figst current position setpoint for the

first aptical element along the first axis based on the fivst gradient average
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and a second current position setpaint for the second optical element along
the second axis based on the second gradient average;

{f} augmenting the estimated first current position setpoint for the first optical
element with a first dither signal to obtain a first target setpoivt and the
estimated second current position for the second aptical element with a
second dither signal to obtain a second targe! setpoint; and

{g} outputting by the computing device a first contral signal for adjusting a first
actuator to change the position of the first optical slement along the first axis
feom thie first current positinn setpoint to the first target setpoint and a
second control signal for adjusting a second actuator to change the position
of the second optical element along the second axis from the second current

position setpeint to the second target setpoint.

101 The method of Claim 9 wherein the first optical element is a final focus lens and the

first axiy is @ 2-axis,

11. The method of Clainy 9 wherein the second optical element is a final focus steering

mirror and the second axis is a y-axis,

12. The method of Clalm 9 wherein the first optical element is a final focus lens and the

second optical elementis a final focus steering mirror,

13. The method of Clalm 9 wherein the mstricis a pulse count per burst, burst tength,

average pulse ensrgy, or radio frequency,

14. The method of Claim 9 wherein steps {a}, (b}, {c}, {d}, {e), {fl, and {g} are repeated

until the metric is oplimized.

. The method of Claim 14 whereln the proxy function is optimized whea the

Yol
151

extremum correlated to maximuom EUV generation is achieved.
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16. The method of Clalm 14 wherein the optimized metric is maximized,

17, The msthod of Clalm 14 wharein the optimized meatric is minimized.

18. A system for positioning an optical element to optimize power output from an
extreme ultraviolet {(EUV] light source conmprising:
one or mere sensors configured to measure 2 metric of a proxy function having
an extramum correlatad to maximum EUV generation, the metyis
resulting from a focal setpoint of the EUV light source relative toa target
material, the focal setpnint based on a position of the optical element
along an axis;
and
7 computing device configurad to
remave DC bias from the metric
extract a gradient of the bias-removed metric with respect to the position
of the optical element;
determine an average gradient for the metric
gstimate a position setpoint for each optical element hased an the
average gradient;
augmaent the position setpoint estimate with a dither signal to cbtain a
target setpoint and
output a control signal for adjusting an actuator to change the position of

the optical element along the axis 1o the target setpoint.

19, A non-transitory computer readable mediurm having stored thersupon computing
instructions comprising:
a code segment to measure with a sensor a metric of 3 groxy function having an
extremum correlatad to maximum EUV generation, the meatric resulting

from a focal setpoint of the EUV light sourcs relative 1o a target matevial,

&3
Ll
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the focal setpoint based on a current position of an optical element along
an axis;

3 code segment 1o remove by a computing device DC bias from the metric

a cotle segment to extract by the computing device 8 gradient of the bias-
removed metric with respect to the position of the optical slement;

a code segment to determine by the computing device an average gradient for
the metric gradient;

a code segment to estimate by the computing device based on the averags
gradient a current position setpoint for the optical element along the
axis;

a code segment 1o augment the estimatad current position setpoint with a
dither signal to obtain a target setpoint; and

a codde segment to output by the computing device a control signat for adjusting
an actuator to change the position of the optical glement along the axis

from the current position setpoint to the target setpoint.

20, A non-transitory computer readable medium having stored thereupon computing
instructions comprising:

a code segment to measure with g sensor a metric of a proxy function having an
extremur correlated to maximum EUV generation, the metric resulting
fram a focal setpoint of the EUV light source relative to s target material,
the focal setpoint based on a first current position of a first optical
slement glong s first axis and a second current position of a sscond
optical element along a second axis;

a code segment o ramaove by a computing device DO bias from the metric;

a code segment to extract by the computing device a first gradient for the bias-
rernoved metric with respect to the position of the first optical element
anied 3 second gradient of the bias-removed metric with respect to the

position of the second optical slement;
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a code segment to determine by the computing device a first gradient average of

the metric first gradient and 2 second gradient average of the metric

second gradient;

a code segment 1o estimate by the computing device a first current position

a code

setpoint for the first optical element along the first axis based on the first
gradient average and a second current position setpoint for the second
optical element along the second axis based on the second gradient
average;

segment to augment the estimated first current position setpoint for the
first optical element with a first dither signal to obtain a fivst target
setpoint and the estimated second current position for the secand optical
slement with a second dither signal to obtain 2 second targst setpoint;

and

a code segment to output by the computing device a first contrel signal for

adiusting a first actuator tu change the position of the first aptical
element along the first axds from the first current position seipoint to the
first target setpoint and a second control signal for adiusting 2 second
actuator to change the position of the second optical element along the
second axis from the second current position setpoint to the second

target setpoint.
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FIGURE 7

701

!

REMOVE DC BIAS FROM METRIC

l

EXTRACT GRADIENT OF METRIC WITH RESPECT TO OPTICAL
ELEMENT PQOSITION

702

703
DETERMINE GRADIENT AVERAGE FOR METRIC
704
X
ESTIMATE POSITION SETPOINT
705

AUGMENT POSITION SETPOINT ESTIMATE WITH DITHER SIGNAL
TO OBTAIN TARGET SETROINTY

i

QUTPUT TARGEY SETPOINT COMMAND

706

TO OFTICAL ELEMENT ACTUATOR

707
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