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ESTIMATING A GAIN RELATHONSHIP OF ANOPTHCAL SOURCE

CROSS REFERENCE TO RELATED APPLICATION
This application claus the benefit of US spplication 18263 457, which was filed on Septewber

12, 2016 and which is incorporated herem in s sativety by reference.

TECHNICAL FIELD
This disclosure relates 1o estimating 2 gain relationship of an optical source. The optieal

source way be part of an optical tithography system.

BACKGROUND
Photolithography iz the process by which sendconductor cirowitry is patterned on 8
substrate sach as a sthicon wafer. A photolithography optical source provides the deep wltraviolet
{DUVY bght used to expose a photoresist on the wafer, DUV Light for photolithography i
generated by excimer optics! sources, Often, the optical sowrce 18 a laser sowrce and the pulsed
tipht beam ts a pulsed laser beam. The light beam is passed through a beam delivery nnit a
reticle or a mask, and then projected onto & prepared sthicon waler. In this way, a chip design is

patterned onto 8 photoreatst that is then etched and cleened, and then the process repeats,

SUMMARY

In one general aspect, an indication of an cutput of an optical source of &
photolithography systeny is secessed, the optical sowee being sssecied with 8 mnge of input
vahues and a corresponding rangs of opiput values; an indication of an input provided o the
optical sowee of the photolithography system is accessed, the provided input being assoctated
with the accessed indication of the ouwtpust of the optical source; an output error is determined
from an expectad amount of cutput and the sccessed indicstion of the utpat of the opticat
sOtrce; estimating o local gain assotiated with the sccessed indication of the wput provided o
the optical source; a gain erroy is determuned from the estimated local gain and an expectad local
gain; estimating a currend value of vne o more opergting metrivs of the optical sowce based oo
one or nuwe of the cutpat ervor and the gain soron; and a gain relationship for the optical sowrve s

upddated based on the estimated current value of the one or more operating wetrics, the gain
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relationship relating the range of input values 1o 8 comesponding rangs of sxpected ontpot
values.

fmplementations may inclode one or more of the following features. The input values
may inchude voltage values, the output values may inchude ensrgy values, and the one ot morg
operating metrics may tactude a nunion output energy and 3 maxinnun outpuf energy, the
Hnmnm cutput energy being an amount of encrgy produced by the optical soures w response ©
apphication of a minimum voltage Inpat, the maximum output energy being an amount of energy
produced by the optical source m responss 10 apphication of 8 maximum input voltage.

The gain relabionship may be a third-order polynorasal defined by four coeflicients, and a
value for cach of the four coefficients may be detenmined based on the accsssed indication of the
cutput of the optical source, the accessed indication of the cutput of the optical sourse, an
assumed slope of the gain relationship st 8 maximum nput of the optical source, an assumed
mininm mpot value, an asswned maximum mpat value, and the estimated current valpe of the
QNS OF INOTE QPLIRHNG Meics.

In some fmplementations, the sxpected amount of cutput may be determmed from an
il gain relationship, the mitiad gatn relationship way be ¢ thivdrorder polynonual defined by
four cocfficieonts; and & value for cach of the four cocfficionts may be dotermined based on the
accessed indication of the output of the optical source, the accessed ndication of the output of
the optical source, an assumed slope of the gain relationship at a8 mastmuom it of the optical
sowree, the asspmed mintmupm input value, the asstmed pdmum put value, and 8 known
value of the one or more operating mstries. The kovwn value of one or mone opseating mstpics
may be eithor an assumed valoe or g previously determned value.

The expected local gain may be detenmined from the inttial gadn relationship and the
accessed ibication of the mpat provided to the optical source. Determinmg the expected
amowt of focal gan may include wsing & gan estimator, the gadn estimator wckading a buffer
configured to store gain dats, the gain dats may be g pharality of operating points of the optical
souree, each operating potnt including an input provided o the optical source and &
corresponding output of the optical sowrce,

Each of the plueality of opersting points may include an arount of voltage provided to
the optical source and a nyeaswred amount of energy af a sensor in a lithography exposwrs

apparatus. Determining the expected amount of lecal gaim vuing the gain estimator may include

%
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deternuiming a shope of a line that represents a hinear relationship between at least some of the
voltage amounts and the corresponding amounts of measured sogrgy stored in the buffer.

fn some implamentations, an inpit fo provide 1o the optical source may be determined
using the updated gam relationship: o signal that represents the determined nput may be
generated; and the generated signal may be provided to the optical source.

The accessed tmlication of the cutput may be filtered to generate & fltered cutput, and
the accessed dication of an input may be fillered to generate & filtered tnpaot, and the cutpat
srror may be determined based on the filtered cutput and the expected amourd of putput.

The optical sowee may be coufigured to amit a pulsed labt beam, and the gain
relationship may be updated for each palse m g plurality of temporally successive pulses inthe
Hight beam,

fn enother general aspect, & method of controlling an opticad sowee o a photolithography
system tncludes receiving an indication of s messwed value sssocinted with an output mettie of
the optical source, the messured valoe being related 0 an energy s pulse of gt produced by
the aptical sonres; accessing a value of an operating meiric associated with the optical source;
estinating a relationship between the output metae and aninput metnie based on the indication
of the measured valne of the cutput motric and the valne of the operating metric, the input metnic
being relsted to an amoant of excitation applied to the optical source; determining an expected
valpe of the ot parameter from the estimated relationship: comparing the ndication of the
maeasured value and the expecied value to detormine an ervor meteie] adipsting the value offthe
operating metric and the estimated relationship based on the determined error metric; adjosting a
value of the fnput metric assoctated with the optical sowrce besed on the adjusted estimated
relationship; and providing the adjusted valne of the nput metric to the optical source, where the
estimated relationship between the output metric and the mput metne s adjusted fwr each of a
plurality of optical polses emutted frow the optical source, the plurality of polses including at
least seme polses that are temporsily succosssive,

Implementstions may include one or mote of the following features. The output metic
may inclade an energy of an optival pulse emitted froum the optical source, and the mput msteie
may include sn amount of voltage configured 1 be spphied o a corapensm of the optical soures.
The indication of 3 measured energy of the beanm may be an energy measured at 8 wafer sxposed

by a lithography exposwre apparatus of the photelithography system, and the indication of the

Lt
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measured ensrgy may be recetvied from the hthography exposure apparains. Accessing 8 value
of an operating metiic may include accessing & value of 1 mininvum ouiput eoergy and a
maxinwm ontput energy, the minimum ontpat energy being an amount of energy produced by
the optical seurce in response o application of a mintmum voltage mput, the maximum cutput
energy being an amount of energy produced by the optical source in response to application of a
maximun mput voltage,

fu snother general aspect, a pholohithography systeny inchuedes an optical sowmce
configured to ennt a pulsed hight beam( 3 hography exposure apparstus mcluding an optical
systen, the optical system betng posttioned to recetve the pulsed hight beam from the optical
spurce at a first side of the optival systam and to emit the pulsed light beam at 8 second side of
the optical systeny and & control system coupled w the optical sowrce and the Hthogsaphy
exposwre apparatus, the control system configured o) access & value of an operating metric
associated with the optical source; estimate one or more parameters that define a relationghip
betwoen an output wetrie sad an input metric of the optical source based oun the indication of the
measured energy and the value of the operating metric; determine an expected value of the
ouiput metric from the relationship; compare the ndication of the measured vahue and the
expected value to determine si orror motric; adjust the value of the operating motric and the gam
relationship based on the delermaned error metnie; adjust & vadoe of the wput metae assoctated
with the optical sowce based on the adjusted gain relationship; and provide the adjusted value of
the fnpat metric 1o the optics! source.

Implementations may inclade one or mowe of the following features. The input metric
may inchude an smount of voltage, and the control system configured 1o apply the adipsted value
of the input parameter to the optical soarce may include the control system being configwred to
provide a signal inclading information mdicatmg the amount of voltage to be applied toa
corponent of the optical source. The optical source may wiclnde electrodes and a gatn mednan,
sl the controd systom may be configurad to provide a signal inchuding mformation mdicating
the amount of voltage © be applied o the eloctrodes of the optical source. The Inhography
exposnie apparaiug may be configuved to reverve & wafer at the second side of the optical svstem
and further including 2 sensor st the second side of the optical svstem of the Bthography

exposwre apparatus, the sensor configured to messure an amount of optical epergy at the second
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side of the optical system and to provide the indication of the messwred amount of snergy atthe
second side of the optical system 1o the control system,

fmplementations of any of the technigues described above and heremn may nclude a
process, sn apparatus, a control svstem, mstractions stored on ¢ son-transient machine-regdable
computer medinm, andfor & method. The details of ons or more implementations are set forth in
the sccompanying drawings and the description below, Other features will be apparent from the

description and drawings, aud from the clams.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG, 1A 15 a block dingram of an example of a photelithography systam.

FIG. 1B is a block disgram of an example of & mask used in the photohithography system
of FIG. 1AL

FIG. 2 15 & block diggeam of another exenaplary photolithogeaphy system,

FIGS, 34, 38, and 30 are graphs of examples of signals that are wsed o control an
optical seuree that 18 part of g pizo&aiitﬁmgraph}-‘ system,

FIGS, 4, 74, snd 7B we plots of exomplary gain relationships,

FIG. 8 15 a block diagram of an exomplary photolithopraphy systom,

FIG. 6 35 a flow chart of an exemplary procvess for controlling an oplical source in an
phototithography svsteny,

FIG, 8 i ¢ plot of excoplary simulated wain as o function of polse number for an aptical

songree that producey @ pudsed bght beans,

DETAILED DESCRIPTION

Technigues for controlling an optical ithography system andfor an optical sowree in an
optical lithography system ave disclosed.

Referring o FIG. 1A, a photolithopraphy system 100 inclades an optres! {or Hght) source
105 that provides s light beam 160 o g lthography exposurs apparatas 115, wloch provesses
watier 1200 The light beam 160 s 3 pulsed tight beam that includes pulsesof Light separated
from each other i time. The thography sxposure apparatus 113 includes a projsction optical
system 123 through which the Hght beam 160 passes prior 1o reaching the wafer 120, and a

detector 122, The detector 122 may be, for example, 2 camera or other device that is able to

LA
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capfure an e of the water 120 or the Haht beam 160 at the water 120, or an opticut detector
that is able 1o capture data that desenibes chasacteristios of the beam 1680, such as intenstty of' the
beam 100 at the waler 12¢ in the x-v plane. The Hthography exposure apparatus {3 mavbea
Liguid immersion system or a dry system.

The photolithography syateny 100 includes a controd systam 130, The control system 130
receives a signal 15T fron a control system 123, which 15 part of the hthography exposure
appavatus 118 in the example of FIG. 1A, and generates a signal 152, The signal 152 18 provided
1o the optical source 105 to contrel the operation of the optival source 105, The controd syatam
123 receives data from the detector 122 and geoerates the signal 151 based on the data. In the
example of FIG. 1A, the control system 123 15 separate from the control system 150, However,
i other implementations, the contrel system 123 and the control system 150 may be
implementad in a single control system that is conpled to the Hthography exposure apparatos 118
and the optieal source 105,

The optical sowce 108 produces the bight beam 160 1 response to reeeiving a signal 152
frons the control system 150, The sigaal 1532 may include a component ar aspect that deternyines
an npat to the optical sowce 105, For exarple, the optical source 105 may produce the light
beam 160 in response to 2 voltage being applicd 1o electrodes in the optical source 105, and the
sigad 152 may include data or iaformation that specifies the amounnt of voltage to apply to the
electrodes. The relationship between the cwtpat of the optical source 105 {for example, the
gnergy ina pudse of the hght beam 160} and the mput to the opticad source 108 that produced the
outpat {for example, the amount of voltags that is applied to the electrodes) s sxpressed by &
gain relgtionship. The gsin relationship for the optical sowrce 103 i3 non-linear, In other words,
the input and the output of the optical sowce 105 are not proportional to each other over the full
range of possible iyputs. In addition to being non-linear, the gam relationship of the optical
source 108 changes over e, Thus, 8 nomunal or dethalt gain relationship of the optieal source
105 may be insufficient to provide real-time (for example, while the optical source 105 proaduces
Hight) and aconmte compensation for the non-Hnearity of the optical source 103,

Ax discussed in greater detail below, the contrel system 150 setimates the gain
refationship of the optical source in real4ime with an adaptive model and uses the estimated gan
relationship to compensate for the non-Haearity of the optical sowrve 1035, Data andior

information related to the optical source 103, such as the valoe of the input provided by the inpast
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signal 152, and the value of the cutput, such as the energy of the light beam 186, are measursd o
otherwise obtained while the optical source 103 produces the beam 160, The measured values
are psed by the adaptive mode! to determine an estimate of the gain refationship andfor to update
an existing estimate of the gain relationship, allowing the non-Hneanty of the optical source 105
to be compensated. Addiionally, the adaptive model leverages information about the typieal
behavior of the optical source such that the gain relationsdup can be estimated wsing ondy the
noninally avatlable measurements, that is, withoat exciting the soorce bevond the nominal
operating range of nputs.

Microelectronic features are formed on the wafer 120 by, for example, exposing a layer
of radisthion-sensitive photoresist material on the wafer 120 with the tight beam 160, Reforring
also o FIG, 1B, the projection optical system 123 includes a shit 126 a mask 134, and a
projection lens 127, Afier reaching the projection optical system 125, the light beam 160 passes
through the shy 1260 In the example of FIGS. 14 and 1B, the sliv 136 is rectangular and shapes
the light beam 160 o an elongsied rectangular shaped Hight beam. This shaped Uaht beam then
passes through the mask 134, A pattern ix formed on the mask 124, and the pattern determines
which porfions of the shaped Hght beam ave transmitied by the wask 124 and which ave blocked
by the mask 124, The design of the pattern s detormined by the specific microclectronic cirouit
design that 13 1o be formed on the wafer 1200 The portions of the shaped light beam that are
transmvitted by the mask 124 pass through {and may be focused by} the projection lens 127 and
expose the wadkr 130,

The amount of energy dultvered to the waler 120 by the light beam 190 per wit aves vver
an expostre wme for a particalar nonber of pulses of the light beam 160 1s reforred to as the
dose or the exposure energy {for example, 1 units of Joudes). The formation of the micro-

L5

electronic foatures on the wafer 120 depends on the proper dose {a “target dose™} reaching the
wafer 120, H too hittle energy reaches the wafer 120 over the exposure time {the dose s oo low
sl is loss than the target dose), the radiation-sensitive roaterial of the water 120 is not activated
andd the micro-electronic features are net formed or are incompletely formed on the wafer 120, ¥
oo wruch energy veaches the wafer 120 over the exposure tinwe {the dose 18 too high and s
sreater than the target dose), the radiation-sensitive materiad of the waler 120 can be axposed
oufside of the bounds of the tmage of the slit pattern and the micro-electronic features are

improperly formed on the wafer 120, Thus, nuninization or redoction of dose error, which ixa

-
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difference between the dose and the targst dose, and vontred of the dose soroy within an
epmi}k range, is important 1o the acourate and efficient performance of the photolithography
systam 100,

The non-linearity of the gain relstionship of the optical source 103 may Iead to vanous

4

performance challenges for the optical source 105 andfor the photolithography systeny 100, The
control system 130 compensates for the non-Hnearity and improves the performance of the

optical system 1) andfor the optical sonrce 135 i several ways, For example, the control
system 130 may inprove the stabibiy of the exposure process and maprove the control of the
dose. Durtng operation of the optical system 108, the hthography exposore apparatus 1153 may
request # partivular amount of optivel energy from the souree 103, The control system 130
gstimates the gam relationship and the maximum amount of encrgy hat the optical source 105 35
able to produce in realtime. I the lnhography exposwe apparatus 118 anticipates that the beam
160 will provide more optics] energy than s getually recetved, the exposare process may become
pastable anddor the dose orror may incregse. The coutrol systews 130 may reduce or provent
negative effexts of 8 mismatch between the requested energy and the smount of snergy receivad,
For example, if the lthography exposure apparsius 115 requests an amount of optical energy that
is groater than what the optical source 103 is able to produce, the control systeny 150 may
provide a signad to the cootrol system 133 that wncludes data indicating an amount that actually
witl be recetved at the Bthography exposere appasatos 115 In addivion, the controd system 123
may optinize 18 contral parameters 10 stay within the achievable range of energy thereby
preventing the possibility of instabifiy.

Furthermore, the control systom 150 may provide a more soourate estimate of the gan
relationship and also may provide the estimate more quickly as compared to systems that fack a
control system with the features of the control system 150, For example, tn ithography systems
that lack the control systern 130, the hthography exposure apparatus 115 ruay estimate the gam
of the optical source 105 by sending a dither signal to the optical souree 105, The dither signal
does not encompass the full range of inputs. Because the gain of the optical source 1054
nonlinear, the gam detenmined by the dither signal is not acowrate for the full range of tnputs that
the oprical soprce 105 may recstve. By compensating for the nonhnearity of the pain of the
optical source 108 in real-time and with {or without} the use of a dither signal, the controf system

130 avoids the potential issue of maccurate calibration by the hithography exposure apparatus
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IS Additionally, a soall amplhitade dither stunal may be challenging to analvee i the presence
of noise thet 13 also present in the system 100, Thus, estimating the gain relationship with a
dither signal alone may be slow, {_égimg a larger ampliude dither signal may napact doss
performance. The controd svstem 130 provides s faster gan estimate with less or no impact on
dose perfrmance.

Additionally, by compensating for the nonlinearity of the optical source 105, the control
system 150 caoses the ophical sonrce 1S {0 act as a linear system relative to the Hthography
exposwrs apparatus 1S As a result, the actual dose performances of the hthography exposure
apparatus 115 may be maiched o the expected or theoretical dose perfonmance.

Before discussing the comral system 130 m more detat] with respect 1o FIGS, 4-8, an
exemplary g&mtei.iititmgmg}hy 5}*‘3&:{1& 200 is disonssed.

Referring also to FIG. 2, a block diagram of an exemplary photolithography systen 2080
i showan, In the photolithography system 200, an exemplary optical source 205 15 used as the
opticad sowrce 0S8 {FIG. 1), The optical sowrce 205 produces a palsed hight beam 260, which s
mrovided to the lithography exposure apparatas 115, The optical source 208 may be, for
example, an excimer optical sowrce that cutputs the pulsed Hght bean 260 {which way be a lager
beam). As the pulsed Hght boam 260 onters the ithography cxposure appamatus 15 # s
directed through the projection optical system 115 and projected onto the waler 120, In this way,
one or more picrostectronic features are patierned onto a photoresist on the walyr 120 that is
then eiched and cleaned, and the process repeats. The 'piacsta‘iiihmgi'::sph}-‘ systen 200 giso molndes
the control system FMY, which, i the example of FIGL 2, is connscted to components of the
optical source 208 as well as to the hthography exposore apparatos 115 1o control various
operstions of the system 200,

In the example shown in FEG 2, the optical soures 308 is a fwo-stage laser system that
mciodes a master oscillator (MO} 212 that provides o oseed Hght beam 224 10 & power amplifier
{(FA} 230, The powsr amplifier 230 receives the seed hight beam 224 from the master oscillator
213 and anplifies the seed light beam 224 to penerate the hight beam 260 for use i the
lithoeraphy exposure apparatus 113 For example, the master oscillator 212 may amit a pulsed
seed Hght beam, with seed pulse enerpies of approximately T mutidonde (md) per pulse, and these

seed pulses nray be amplified by the power amplifier 230 to abont 10 to 15 ml.

9
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The master oscillator 212 meludey a discharge chamber 240 having two elongated

electrodes 217, & gain medium 219 that 18 § ges mixturg, and a fan for circulating gas between

@

the electrodes 217, A resonator is formed between 3 Hine narrowing module 216 on one side of
the discharge chamber 240 and an output coupler 218 on a second side of the discharge chamber
248, The line aarrowing module 216 may include a diffvactive optic such as a grating that finely
tunies the spectral cutput of the discharge chamber 240, The master osaillator 212 also includes 8
hine center analysis module 220 that receives an outpat tight beam from the outpast conpler 218
ad & beam coupling optical syatem 2232 that modifies the size or shape of the cutput light bean
as needed to form the seed hght beam 224, The line conter analysts module 2201w a
easurement systent that may be used © measure or monttor the wavelength of the seed light
beam 224, The Hoe center analysis module 220 may be placed at other locations in the optical
soarree 208, or it may be placed at the ontput of the optical source 205,

The gas mixiure nsed in the discharge chamber 240 may be any gas snitable for
producing g light beam at the wavelength and bandwidth vequired for the application. Foran
excinmwy source, the pas mixture mayv contains g noble gas (rare gas) such as, for example, argon
or keypton, o halogen, such ag, for example, fluorine or chlovine and traces of xevon apart fom
holium sadfor neon as buffor gas, Specific exsmplos of the pas mixture include srgon fluoride
{ArF), which emits light at @ wavelength of about 193, kyyplon fluonde (KiF), which emits
light at & wavelength of about 248 no, ov xenon chlovide (XeCh), which emits ight at a
wavelength of abont 351 v, The excimer gain medium {the gas mixtare) i« pumped with short
{for gxample, nanosscond} corrent pulses w8 lgh-voltage electric dischargs by application of a
voltage to the clongated clectrodes 317,

The power amplifier 230 includes a beam coupling optical system 232 that recelves the
seed Hght beam 224 from the master oscillator 212 and divects the hight beans through a
discharge chamber 240, and 1o a beam tarning ophical element 252, which modifies or changes
the direction of the seed Light beam 224 so that 1 s sent back mto the discharge chamber 240,
The discharge chamber 240 tncludes 2 pair of elongated electrodes 241, ¢ gatn medrum 219 that
1S & gas mixture, and a fan Ry circulating the gas mixture bebween the elsctvodes 241,

The cunput Hghe beany 360 18 dirscted through 2 bandwrdth snslysis module 262, where
various parameters (such as the bandwidih or the wavelength) of the beam 268 may be measured.

The output light beam 260 may also be directed through a pulse stretcher, where each of the

Y
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puidses of the cutpat light beam 260 13 stretehed dn e, for example, inan optical delay wai, o
adjust for performance properties of the light beam that impinges the lithography exposwre
apparatus 118

The control system 150 may be connected 1o various components of the optival source
205, For example, the control system 15 may contrel when the optical source 205 emits a pulse
of Hight or a burst of Bght pulses that mclodes one or more pulses of light by sending one or more
signals to the optical sowrce 205, The Heht beam 268 may include one or miove bursts that e
separated from sach other i tome. Hach burst may include one or more pulses of hght. In some
implementations, & burst inchades hondreds of pulses, for example, 100-400 pulses. FIGS. 3A-
3 provide an overview of the preduction of pulses in the optical souree 203, FIG. 3A shows
amplitude of 8 wafer exposure signal 300 as a fuagtion of thwe, FIG. 3B shows an smplisde of &
gate signal 315 a5 a Ruction of thne, and FIG. 30 shows an amplitnde of a trigger signal as s
function of ime,

The control systom 130 may be contigured to send the water exposure signal 300 o the
aptical seuree 203 1o control the optical source 205  produce the Huht beam 260, In the

example showe in FRE. 34, the waler exposure stgnal 300 has o high value 308 {for example, )

for a poriod of time 307 during which the optical souree 205 produces tursts of pulses of Hght,
The wafer exposure signal 300 otherwise has a low value 310 {for example, 0) when the wale
128 is not being exposed.

Reforring 1o FIG, 3B, the Habt bepm 260 ix & pulsed Hght bean, and the Light beam 260
jactades bursts of pulsex. The control system 138 also controls the duration and freguency of the
bursts of pulses by sending a gote stgnal 319 1o the opuical source 205, Tho gate signal 35 has g
high value 320 (for example, 1) doning a buest of palses and a low value 325 {(for example, 1)
during the time between succsssive bursts. f the exaniple shown, the duration of time at which
the gate signal 315 has the hugh value is abso the duration of & burst 316,

Referring o FIG. 3, the contred systean 150 alsoe controls the repetition rate of the pulses
within each burst with 8 ingger signal 3300 The tngger signal 330 mcludes riggers 340, one of
whivh iy provided to the optical scurce 203 1o cause the optical source 203 fo produce g pulse of
fiphte The control svsteny 150 may send a trigger 340 1o the soures 205 cach time a pulse s o be
produced. Thus, the repetition rate of the pulses produced by the optical source 205 {the time

betwesn two mmediately adiacent pulses) may be set by the trigger signal 330, In the example
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of FIG, 3, the tirme bebween twe immediately adiscent pulses s the tiiue betwesn two
immediately adjscent triggers, and is shown as At

As discussed above, when the gain medinm 219 Is pumped by applying voltage to the

glectrodes 217, the g medivm 219 emits Hight. When voliage is applied to the electrodes 217
in pulses, the it gi}t eavtited from the mediun 219 s also pulsed. Thus, the repetition rate of the
pulsed light beam 260 15 determined by the sate st which voltage is applied to the electrodes 217,
with each application of voltage producing a pubse of Hght. The pulse of light propagates
through the gam medivm 219 and exits the chamber 214 through the output coupder 218, Thus, e
tratn of pulses is oreated by pertodie, repeated apphication of voltage to the electrodes 217, The
trigger signal 330, for example, may be used 1o control the application of voliage to the
glectrodes 217 and the repetition rate of the palses, which may range bebwoen about 500 and
6,000 Hy for most applications. In some implementations, the repetition rate may be greater than
6,000 Hz, and may be, for example, 12,000 Hy or greater

The siguals from the control systent 1530 may also be wsed to control the electrodes 217,
241 within the master escillator 212 and the power amphifier 230, respectively, for controlling
the respective pulse suergies of the master osclator 212 and the power avphifier 230, sud thus,
the cnorey of the hight beam 260, The repetitively-pulsed Light beam 260 may have an svorage
output power in the range of twos of watts, for example, from about 30 Wi abouwt 130 W, The
trradiance {that is, the average power per unit area) of the light beam 264 at the ouiput may range
from 60 Wiewm™ 1o 80 Wiend®. The smount of energy produced by the i}m’iﬁiﬁ sowree 205 may be
aciusted by changing the amoent of voltage applied to the elevirodes 217 andior the slectrodey
241, The relationship between the smonnt of energy i 8 pulse produced by the optical source
and the voltage apphied to the electrodes 217 andfor the electrodes 241 s nonlinear,

Referring also to TG 4, & graph 400 shows an exemplary gain relationship 472 relatimg
the inpat and output of an optical system. The optical system may be, Tor example, the master
oseitlator 212 sndfor the power maplifier 230, or the optical source 205, The cutput of the
optival system may be, for example, optical snergy produced by the master osoillator 212 andfor
the power smplifier 230, oy the optical energy produced by the optical sowrce 205 {which
mohdes the master escillator 212 and the power amplifior 230%  The dnput miay be, for example,

an amonnt of voltage applied to the electrodes 217 andfor the electrodes 241
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The optical yvaten hay a range of inputs from mind to Imax), 28 shown on the ¥ axis in
FIG. 4. The range of inputs has a corresponding range of outputs from O{min} 0 Ofmax), a8
shown on the v axts in FIG. 4. The mintmum outpat, O{min}, 13 the output of the optical system
produced at the mindmum input, Kmind, and the maximum outpat, Ofmax), 1s the outpg
procuced by the optical systam in response to the application of the maximmm ioput, Hmax)
The gain relationship 472 18 nonlinear. In other words, the output of the optical svstem does not
change lnearty with the input o the optical swstern. The control system 150 compensates for the
nop~tnearity of the gam relationship 472, as discussed below

To prodace a pulse of Hght 1, an input K1) {(for example, a voltage) is apphied to the
optical svsterm. The optical system produces an cutput O0) in response. The outpan O) maay be
an amoant of optical energy in & pulse of hight 1 produced by the optical system. To produce the
pulse of light 1, the optical system operates at an operating point 474, which iz defived by a value
of the tapu, (1), and g value of the output, O}, Inthe x-*i{:i;}i.t}f‘ of the operating point 474, the
gain relationship 472 has a local slope 4750 The local slope 473 15 3 slope of the gain
refattonship 472 over a range of inputs 4711 and outputs 4710, The bocal slope 475 s of a
sufficiently small portion of the gain relationship 472 such that the local slope 475 & Hinear, For
cxample, the slope 475 may be detormined using moasuroments that make up 10% or less of the
entire inpot range, As discussed below with respect to FIG. 6, the slope 475 18 determined from
measurements of the output for a range of inputs sbout the operating point 474, Because the gain
refationship 472 15 nonlinenr, the slope of the gain relationship 472 may be difforent in the
victity of other operating points. Additionally, the alope of the gain relationship 472 may be
assumed 0 be known at cortatn operating ponts dug o the properties of the optical system. For
example, the opiical system reaches saturation when the maximum inputs provided. Thag, the
slope of the gain relationship 472 15 2ero at the maximum input (shown as an operating pomnt 478
i FIG. 4.

As discussed below, control system 1560 estimates the gatn rélationship 472 based om g
relatively limited amount of measured information. The gawn relationship 473 mav changs over
time and may be updated as the optical svstem moduces light. For sxamnple, the gam relationship

472 may be updated for each pulss produced by the optical system. In s way, the contral
system 1350 adapts to changes in the gain relationship 472 and improves the performance of an

optical spurce andior a lithography system that inclodes the optical system.  Addigionally,
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different optical svstems may have dufferent gain relationships. Because the controd svateny 150

estimates and determises the gain relanonship 472 during operation of the optical system, the
control systeny 13¢5 not Timited to use with a particular optical systen or & particular type of
optical system. The control system 150 estimases the gan relationship 472 during operstion of
the optical systeny using a relatively small amouat of measured data and assumptions based on
the known behavior of the mpti.aaﬁ systen.

Refering {o FIG. §, a block diagram of an exemplary optical lithography system 500148
shown, The system 300 inchudes an optical source 563, wiich provides a pulsed hight beam 560
{represented by a dashed line} to the lithography exposure gpparatus 115, The optical source 303
may be simular o the optical sources 103 and 205, or the optical source 305 may be 3 component
of the eptical source 208, For example, the optical source 305 may be either of the master
oscillator 212 or the power amplifier 230, The optical source 503 has a non-linear gain
relationship (such as the son-hoear gate relationshop 472 of FIG. 43 & control gestem 353G
provides snomput sigual 552 to the optical sowree 505, and the optical source 3035 produces the
beam 5640 o response to the input stgnal 352, The optical source 303 produces the pulsed light
beam $80 1 sccordance with wfornation aadfor data in the input sigaal 852

After the {i—i}m pulse passes through the lithography exposure apparatus 1135, the controd

systenm 33 re s & control signal 331011 from the control system 123 of the lthography
expospre apparstus 115, The control signal $531¢-1) inchudes information that indicates an
eriergy target for the optical source 505, gnd the control signad SSTE-1) algo may inclade
tnformation indivating an amount of measured evergy at the Bthography sxposwrs apparates 1138
or between the optics! source 303 gnd the apparatos 115, The cnergy target 15 the destred
smonnt of energy for the waler exposure process. The control system 350 processes the control
signal 35131} and determines an amount of voltage that, when applhied to the optical sowrve 503,
would produce a palse of Hght having the desired amount of energy. The control system 530
penerstes & contrel signal 352¢1) based on the determined voltage and provides the signal 382 1o
the optical source 503, The signal 552 contains information that is sufficient 1o cause & voltage
spurce o other mechantsm af the optical source 305 o apply a voltage of the specified amount to
the glectrades. In responss o the excitation of the electrades, the optical source 3038 ponsrates 8

pulse 1 of the beam 360, The pulse { propagates to the lithography exposure apparatus 115,

14
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After the beam 160 propagates to the lhopraphy sxposure apparatus 115, the actual
amount of energy at the Hihography exposure apparatus 115 s measured {for example, by the

~5

detector 122}, The control system 123 generates a controd signal 3511} that inchudes information

that tndicates the measored amount of energy in the pulse 1. The control signal 3314) also may
nchyde additionad information, such as a targef energy. The tavget energy tvlicated by the
control stanal 351D may be the same or differens than the target encrgy indicated by the control
signal 3510-11 Iostances of the control signals 351 and 332 continue o be provided while the
system 100 operates and may be provided for each pulse produced by the optical source 305,

The control system 354 includes a compensation module 554 and a galn estivaator §35,
which mcludes g buffer 338, The compensation module 334 mncludes an adaptation module 5333,
The compensation module S84 models the gain welationship of the optical source 505 with g

third-order polvaonial, showsn in Bguation (1}
R T ‘ ."3 3 "'?. A 5 NS . @ -
BV =gV 0V eV d Eguatton (1},

where E 1s an esttmate of the cutput {for example, the optical energy in g pulse of hight) of the
optical source 305, V is the taput to the optical souree 05 (for cxample, 8 voltsge spplied to the
alectrodes of an optical system in the optical source 503}, and 8, b, ¢, and d are cosfhicients of the
third~order polynomial with values that sre sutially snknown. Az discussed below with respect
to FIG, 6V may be aovoltage that has been lovepass filtered. The values of the Coefficients g, by
o, wnd dave determined fom ssuenptions based on koown properties ad behayviors of the
optical source 505 and measnred values. For example, four equations based on gsqumptions and
measured values may be sobved to provide estimates of the values of the coefficients a, b, ¢, and

d. The four equations may be the Equations {235} discussad below, bagiming with Eguation 2
E{Vo) = Ep Equation {2}

Iy Bquation, B and Vi are measurad valoes, with By being an energy produced by the optical
system i response to the voltage Vy, being spphied to the optival systemn. By, muay be an gverage
of the produced snergy over many pulses, and ¥V, may be the averags valus of the applisd

voltage 1o produce those puises. Using average values may minimize or reduce the effsct of
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noise o the estimates of the values of the cosfliciemts a, b, o, and . Together, Vi snd By
represent ¢ measwed operating point of the optical systens. For example, i} is the energyin
puise i, and Vu{i} ts the voltage apphiad to the optical system to produce pulse & Equations (3

{3} are as follows:

ﬁ(‘\‘fﬁgig} =2 }Efg}ﬁn EQ?A&”{,‘:(}R {}}.

where B 18 the snergy produced by the optical soures 535 when the least amowyt of voltage 15

applied to the electrodes,

E{ Vi) ™ B Eqguation (4},

whette BV et 15 the energy producad by the optical source 503 when the highest possible

voltags s apphied to the clectrodes,

46 o
i;-; wg Fguation {53,
Wy %

whers ¢ 18 the slope of the padn relationship at the highest possible voltage. The slops of the gam
relationship is assimed to be known at Ve Forexsnple, the slope of the gatn relatiomship may
be assumed to be zevo 8 Ve The assumed slope may be & parameter that is calibrated nace
{for example, when the optical sonrce 3038 &y nanufaciured or installed 8t & customer sstej ov g

parameter that s detenmingd penodically for the optical source 505 {(for example, each time the

optical source J08 is yerviced or at pre-detervmned and peviodic temaporal intervals) Thas, sin
Equation (8} s assamed to be zero. I Bauations {3y and (43, Vi o Vg e Bixed values tat

represent the Himits of the voltage that may be applied o the oprical system. The values of Vg
and Ve May be assumed based on propertiss of the optical source 808, By, and B, roprosent
the amount of energy praduced by the optical scurce 505 when a voltage of Vs 30d Ve
respectively, 13 apphed to the electrodes. Equations {23-(3) are sobved to determine the values of
the unkaown cosfficients a, b, ¢, and d. Any swvor between the output energy measured at a
given put voliage snd the energy predicied by the compensation module $54 13 wed to estinate

the gam relationship of the optical system, as discussed i yrester detatl with respect 1o FIG, 6.

10
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a

The gain setimator S35 includes a buflor 356, The control system 330 slso mchindes an
gloctronic storage 357, an clectronic processor 338, and an inputiowtput interface 339 In some
implementations, the buffer 336 is part of the electronic stovage 587, The buffer 336 may store
measored data, such as the measured energy produced in response to an imput voltags.

The electronic processor 338 inclhudes one or muors processors suitable for the execution
of & computer progeam such as 8 general or specal purpose mcroprocessor, and sy one o more
processors of any kind of digital compater. Generally, & processor receives instractions and data
from a read-only memory or a random access menmory or both, The electrome processor 558
may be any type of electronic processor

The electronic stomge 5357 may be volatile memory, such as RAM, oy na-volatile

-~
;‘

memory. In some implomentations, and the electronic storage 337 may include both non-volatile

e
)n‘

and volatile portions or componeats. The electroniv storage 337 stores instructions, perhaps as &

compiter program, that, when executed, cause the processor $58 to commumicate with other
components in the coutrol systemn 530, the nhography exposure gpparatus 115, andior the optical
spurce 305, For example, the instructions may be instractions 1o vause the slectronie storage 857
to store measured voltage and energy valpes in the buffer 556, The instroctions may be
instructions that cause the olectronic procossoer 3538 to analyze the stored dats and gonorate g
voltage signal based on the stored data

The VO mierface 3539 i any kind of electromic interface that alfows the control system

S5 to reeetve andior provide date and signals with an operator, the optical source 303, andfor gn
atomated process rennmg on another electronic devics, For example, the VO iteckace 3539 may
nchude one ar more of a visual display, & keyboard, or 3 communications interface,

FIG. 6 18 a How chart of an exemplary provess 600 for controlling an optical soarce, such
as the optical seurce 103 or the optical source 205, The optical sowwrce may be a subsystem of an
optical sonree, such as the master oscillator 212 or the power amplifier 230, The example
process SO0 may be performed, for example, by the control system 130 or the control system
350, The process 600 is discussed with respect 1o the optica! system 300 of FIG. 5. Inthe
disvuasion of the process 600, the pulses of the Huht beam 568t are mdexed by {). Thus, fors
pulse i, the pulse 11 s the pulse that coowrs snmedisly before the pulse d i thne snd the pulse
111 is the pulse thet oveurs immediately afier the pulse { in time. An instance of the control

signal 552 dencted 332(1) s the contral signal 552 that is applied 1o the optical source 305 1o

,..,
3



iG

WO 2018/048602 PCT/US2017/047437

prodducs the 17 pulse, An instance of the control signal 531 denoted $510) is the control signal

J’

S§$1 18 the controd signal 351 that is received after the 1% pulse has reached the Hithography
exposure apparatus 1158

The control system 550 accesses an indication of an amount of energy produced by the
optical systern (603). In some implementations, the aceessed indication of the amownt of snergy
may be an energy of a pulse that has ontered the Hthography exposwre apparatas 1S and exposes
the waler 120, In these imp3@men§at.§ms, the accessed indication 15 an indication of an amount of
energy measured al the detector 1320 The contrel system may access the indication of the
amonnt of energy measured at the detector 122 by receiving an instance of the control signal 151
{such as the comtrol wignal $31{11) and processing the signal to exgact the data that indicates the
amowt of received encrgy.

The accessed mdication of an amount of energy may be an indication of an amount of
energy elsewhere in the Hthography systeme. For example, in some implementations, the
wdication of an amount of energy produced by the optica! systean may be an indication of an
amoust of energy i 3 pulse omitted from the optical source 505 that has not extered the
Hihopraphy exposure spparatus 1S, In these tplementations, the indication of an amount of
cncrgy may come from & sensor or defector that recatves a portion of s pulse as the palse
propagates foward the hthography exposare apparatus 115, In some unplementations, the
indication of ay amount of energy produced by the optical source 303 may be an indication of an
amowt of energy megsured within the optical sourge SQ3,

The control syatem 550 aecesses an amount of voltage applisd to the optical spurce U8
{610}, For examnple, the control systom 550 may acoess an amount of voltage applhied to the
optical sowee 303 andfor 8 component of the opiical source 303 associated with the measured
amount of energy. The voltage associated with the measured amount of energy is the voltage
that was applied to the optical source o prodoce the energy that was measored. In this example,
the messured energy is from pulse 1, and the voltage applied 1o the optical source 505 that is
associated with the messweed energy is the voltage that is indicated by the control signal 332 (i)
The amount of measurad enevgy and the mmownt of applied voltage represent a measured
i?}“}ﬁfk‘atiﬁg gmim (‘xf“’{i}, Bty of the thétai souree 305, where V(1) is the voltage agspim; %) p}a\dme

E-{,i} may be Stored in the buffer :‘Sﬁfs oF ih& electony storage 357, The Zmﬁ*ﬁzr 335G ac»z::mm’ia't&s &

P
foe)
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measured operating posnt vatue for each of 8 phusality of pulses, sl may store the measurad
operating pot valne for cach pulse produced by the optical source 305, 1o some
implementations, the buffer 336 awy store the measured operating points of 50 pulses.

Additionally, the measured operating point values stored in the haffer 556 may be low
pass filtered to remove any measurad operating points that differ graatly from the other measurad
operating potats. For example, applyving a low-pass filter may remove o smooth out measured
operating poinis that have an cogrgy neay Egee. Operating points that have an energy near or at
B ey be mdicative of an srror condition.  Farthermore, the measured values may be high-
pass fillered. Applving 1 high-pass filier may remove the effecis of slow drifis in the ensrgy or
voltage, Thus, filtenng the data in the baffor 336 may remove or redoce the mmpact of measured
operating points obained in an ervor condition,

Different filters may be used for the compenaation module 354 (which estimates the gain
relationship of the optical sowrce 503 based on Eguation (1)) and the gain estimator 8538 (which
estimates ¢ slope of the gaan relationship at an operating point of the optical source 308 nsmng
data storad in the buffer 336}, A low-pass filter may be applied to the data used in the
compensation module 3534 and & high-pass filter may be applied {0 the dats used in the gain
catimator 335, Equation (6} is an cxample of ¢ low-pass filter that may boe applicd 1o the data
stoved m the baffer 3536, Equations (7} and {8) are exxmples of the Eqguation {8) 13 an example of
a low-pass filter structure to defermine a lowepass filter voltage Vigy based on a measured voltage

(V¥

‘*\pb'(?\} i K;}p%{;“ {i‘“ yﬁ*{\f“}“%\pﬁi" i E&’{(iaﬁ{}ﬂ {hL
whers Vi) is the lowe-pass Blterad voltage for pulse 1, Vipdi-11 13 the low-pass filter voltage for

the palse -1 {thus, thes value 1s previousy compated and knoven}, V(i) is the measoared voltage
for pulse 1, and FG s the filter gain, FG s an adiustable and known mamerical value that s g
parameter of the low-pass filter. The low-pass flter of Equation {6} may help reduce the effect
of notse and atypical measwements. For sxample, the low-pass filter of Equation {6} may
reduce the effect of @ measored voltage that s much farger than the measurad voltages sssociated

with other pulses. When estimating the coefficients a, b, ¢, and d using Equations {21 *t the

19
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lowepass Hltered voltage Vi may be used instead of the measurad voltage V. The low-pass
filtered energy By is the energy pradicied by the model of Equation (1) for Ve Vi
Addiionally, the measurad voltage and energy values may be high-pass filtered.
Eguations {7} and (8) are examples of a high-pass filter strocture that may be used 1o high-pass

filter the measared voltage and energy valuss:

Vi) = FGWigndi-1) ¢ VGV Eqaation {7},

where Vigell) 18 the high-pass voltage value for palse 1, Via(i-1} {5 the high-pass voltage value
for the palse 1-1 (thus, tis valee is previowusty computed amd known), V(1) is the measared
voltage for pulse § FG s the filter gain, and V{E-1) 15 the measured voltage for pudse i-10 The
filter gain for the high-pass filter may be different than the filter gaim for the {ow-pass filter.

Eguation (8) 15 g8 followg

Epal 1) = FO¥ERuli- 1+ (B{DEG-1 ) Equation {8},

where Ep{1) is the high-pass filtored onergy value for pulse 1, Epufi-1) s the high-pass filicred
energy value for the pulse -1 {thus, this value is previously computed and known), FG is the
filter gatn, BOY i3 the measured energy for pulse i, and E{-1) is the measured energy for pulse -
1.

High-pass filters {sach as the high-pass filter of Bquations {7) and (3}) oy help provest
the presence of slow drifis i megsured energy andfor voltage from corrupting estimates of the

gain refationship. As shown in Equations {7} and (8}, the same high-pass flter strochure may be

used to high-pass {ilter the energy and the voltage. The high-pass filtered voltage andéor snsrgy

Py

-~

values may be stored, for example, i the buffer 336 andior the electronic storage 857
An pnergy errey is detenmined from an expected amount of energy and the measured
amonnt of energy {(615), The expected amount of energy Bofi) is an amount of energy estimated
by the compensation awsdule 354 using Equation (1) and the accessed amount of voltage VL In
gthier wends, the expected amount of enorgy Eofi} is the amount of encrgy predicted by the gain
relationship, as expressed by Equation {1} with ¥V of Equation (1) being V{13, which reprasents

the amount of voltags that was actoally applied to the electrodes of the optical source 305 1o

20
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producs the pulse L The cosflicients 3, b, ¢, and d of the sode! expressed w Bguation (1) are
determined as discussed with respect to FIGU S, The energy error Eon{i} for the pulse tis
determined by comparing the expected amount of snergy Eofi} and the measured amount of
energy B, For example, the ensrgy ervor Eee mav be the difference between the expected

amount of energy and the measured amount of energy, as shown in Equation (9%

Bo= E ~ Eo Equation (94,

where E is the measured amount of encrgy and Eo is the predicted or expected amount of energy
based on Bguation (1)

An estimated local slope of the gamn relationship st {BOL VL which 5 the measured
operating point of the optical source SO35 that produced the pulse 1 is estimated based on
measured values (620). The estimated local slope of the gain relationship may be estimated by
the gain estimator 335, The estimated local slope may be estimated using input values that span
s portion of the tolal inpui range, snd the portion may be 10% or less of the total Jnput range of

the optical source. The slope of the gain relationship U {E{), V(1)) ts represonted by m{z}. The
focal slope m s deternvned by the gain estimator 3535 and 1s based o the operating point data
stored i the buffer 5356, The opersting point data stored in the buffer 556 way be voltage and
energy values that have been high-pass fillered sccording o Bauations {7) and (B}, respechivedy,
Referring also to FIG. 4, the looal slope m is assumed o be bnear. The local slopemi iz

estunated tsing data for N pulses (ndex 85 1) based on Equation {10):

Zar~Y s - s VRV
11 MQT Equation {10},
NEvgp- LR o

where g; amd vy are the high-pass {Utered voltage and energy values deternined in Equationy {(8)
and {7}, respectively, and stored i the boffor 356 and N s the namber of saraplos fom the
buffer 556, For example, N may be 30, The focal slope m may be estimated using all or a
portion of the daia in the buffer $5&. For example, the focal slope momay be estimated using
paly operating point values that have a voltage andéor snergy value that are sufficiemly close

the coarrent measured volisge and energy valaes, V(i) and B(). For example, the local slope m

P



2N

8
5%

20

WO 2018/048602 PCT/US2017/047437

may be estimated asing operating pomt values where the absolute value of the difference
between the voltage of the opemting point and V{i} s no more than a pre-determine threshold ©
help ensure that the estimated local slope 15 acouate.

A slope qrror ks determined from the estimated local slope m and an expected slope m,
{6231 The expected slope my iy determined from the first derivative of the moded of Equation

{13, setting V = Vi The first derivative of the gain relationship s expressed in Equation (11}

i 3 L
3 %{;ﬁ} JaVT 4+ 2bV Eguation {11},

where ¥ is the voltage at wihich the expected slope i3 10 be determined, m,, is the expected or
pradicted slope at the voltage V, and the coefficionts g, b, and ¢ are determined as discussed with
respect to FIG. 30 In this example, V = Vi), which s the low-pass filteved value of the voltage
applied to the electrodes o produce pulse (3} from Equation (6), and the expected slope s mdi},
which s the expecied slope at the operating potnt {Vpdi), Epd1)) associated with pulse
The slope srror me, may be determined by comparing the estimated local slope mii} and
the expected slope mdi) For example, ey may be the difference betweon the estimated local

slope m{i} and the expected stope n{3}, as expressed by Equation (121

Mgy & VL~ MO Eguation {12},

where o1 ix the extimated slope at an operating pomnt of the optical source 305, and my, is the
expected slope at that operating point. Continuing the example above, for the opesating point
{Vid ) B, o 15 i) and m, i o

A vatoe of oue of move Gp@mi‘img mutries is determned based ou obe or wove of the slope
error and the energy ervor {630). The gain relationship of the optical systen 303 is updated
{635). The updated pain relationship relates the full range of input values to comresponding
outprat values,

The eperating metrics gre any parameier associnted with the gain relationship of the
optical source 308 that may change over time as the scwes S08 operates and produces the beam
160, The operating metrics may be, for example, By and Baee, which are the energies produced

when the wintmoem and masinan vollages, respeotively, are spplied o the optical sopree 305,

i

o
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The value of the operating meteic i adaptad or changed over time based on data measured fivm
the optical source 305, The value of the operating metrics nmay be determined by the adapiation
module 533 and provided to the compensation module 334, The compensation module §34 uses
the deternuned value of the operating metrics to update the gain relationship of the opticsl sourcs
505, For example, the detersiined operating metrics may be used to deternyine updated or
current values for the coefficients of Equatton {1} with the updated or current values of the
operating metrics being used 1 Bquations (2+(5)1 In this way, the adaptation module §54
provides data to the compensation module 553 that allows the estimate of the g relationslup to
adapt over time.

A set of heuristics or conditions miay be used © determing how to adapt the operating
metrics. The heuristics may be based on, for example, known performance of the opticsl source
505 andfor the past performance process 600, The heuristics may evaloate the applied voltage
Vi), the low-pass filtered voltage Vi, the local slope m, the expected or predicted slope m.,
andfor the stope errov my, 1o determine an adjustment or adaptation of the value of an operating
metric or metries, For example, the heuristics mav be determined based on whether or not the
gatn estirmator 555 i producing an estimate of the slope that has converged or s bkely to be

close to the actual slope. Te detenmime whether the gain cstimator 355 has converged, the
measared voltage V{i) is compared to the low-pass filtered voltage Vi, and the stope error myg
is comparad {0 3 threshold, As discussed above, the low-pass filter acts 1o remove voltages that
are gway from the nopinal cperating voltage, W the difference between the lowepass filtered
voltage and the neasiesd voltage i3 above o theeshold, then the measursd voltage VI i ikely o
be an outlicr, and 1t 15 hkely that the estimate of the gain estimator 558 has not converged.
Similarby, if absolute value of my, s shove a threshold then 11 iy hkely that the estimate of the
gain sstimator 355 has not converged. In these instances, the energy ervey {Rir) of Equation (¥)
1 wsed o npdate the gan relationship. For example, and referring to FIG 74, the energy ervor
B dotermined from an operating pomt 778 i used © adapt the operating metnios Epa, Epg, and

ey
¥ !‘

Eype anad shift the gain relationship 772 such that sn updated gamn relationship

oy
iid

2a predicts an
energy that squals B{) at the measwred voliage VL In this sxample, the operating metvie Euey
s adapted 10 B 8 Buue 18 adapted to Bog 8, and Byets adapted 0 Byea

if the difference is below the threshold, the gain estimator 535 is likely to have

converged, and is hikely o provide more reliable information comparad o direct voltage

ok
19y
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measrementy. When the pain extinnator 335 is hikely 1 have converged, the slope ervor myy, and
the extimated focs! slope mof Equarion {13} is used 10 adapt the operating metrics By 80 B
For example, and referring to FEG. 78, the slope of the gam relationship at an operating point

oyoy
&

{Vipe, By} shown as 7788 may be set hased on the slope error thy and the estimated locs! slope
The threshold for comparing the absohute value of the difference betwesn the measured
voltage V(i) and the low-pass filered measured voltage Vi may be detormined from observing

the optical source 38 or from properties of the optical sowrce 503, such as the total possible
rangs of voltages that may be apphied to the optical souree 305,

Qther heuristics may be used instead of or in addition 1o the hearistic based on the
difference between the messured voltage V(i) and the low-pass filtered voltage Ve For
example, the heuristics may be based on a stipulation that the estmated slope m degreases with
jncreasing inpul voltage.

Referring to FIG 8, a graph 800 shows aplot of an exesaplary estimated slape (or gain)
of the optical sowrce 503 as a function of palse wanber obtained through simulstion of the
control systemn 130, The graph includes a gain estimated using a dither-only technique (shown
with the dofted Hoe), a gavy my, estimsied using the process 600 {shown with the dashed hng),
st @ measured gain (shows with the solid Hnel As shown 1 FIG, &, compared 1o the technigue
that only nses s dither to estimate gain, the gan estimated waing the process 800 i3 closer o the
measured gaim over the entire burst of pulses and is also more constant over the entire burst of
pulses, Moreover, the gain estimeated nsing the process 600 also sdepts more quickly 1o a change
vu ihe systeny thet results i the change w the trus gain ot pulse 20,000, Ax shovwn in the graph
SO0, the g estimated using the procoss 600 is close to the troe, measured gain after shout 200
pnise‘a. The gain estimated nsing dither-only does not adapt as readily o the change.

Oiher implementations ave within the scope of the claima. For examiple, the process 600
may be wsed in a legacy system that inchudes a dither signal to estunate the gain relationship,
even if it is ynknown a priord that the dither signal s used and without making changes o the
existing dither signal. In these unplementations, the dither signsl, which may be a voltage signal
applisd 1o the optical souree, iy reflectad ay past of the measored mutput of the optical sowee and

1s thus accounted for in the provess 600 discussed above,
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WHAT IS CLAMED IN

13 A pwethod comprising

geoessing an indication of an output of gn optics! souree of a photolithography system,
the optical source being associated with a range of input valnes and a coresponding range of
ctput values;

accessing an indication of an input provided to the optical sowrce of the photohthography
system, the provided mput being assoctated with the accessed mdication of the output of the
optical sowee;

deternvining an cutput error from an sxpected armown of output and the accessed
ndication of the output of the optical source;

estimating a local gain associated with the accessed mndication of the input provided to
the optical source;

determining & gain orror from the estimated tocal gain and an expected local gaing

estimating 3 current value of one or more operating metrics of the optical source based on
one or more of the output ervor and the gain evror; and

updating a gain relationship for the optical spuree bascd on the estimsted current value of
the one or more operating metnivs, the gatn relationship relating the range of input vahwes to &

corresponding range of expected onipot valpes.

4

The method of clatm 1, wherein

the mpot values comprise voltage values,

the output vahees comprise energy values, and

the one or more operating Melrics COMPLSe 3 Munimum ouiput energy and 3 maxunum
outpat energy, the mintmom cutput energy being an amount of energy produced by the optieal
seyree in response o application of 8 minimian voltage wput, the maxamom cutput enerey being
an amotut of energy produced by the optical source in response o apphication of 8 maxinwum

mput voltage.

3 The methad of claim 2, wherein the gain relativaship comprises a thivd-order polynomial

defined by four coafficients, and further comprising:

g

et
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deteravinmg a value for each of the fowr coefficients based on the sccsssed indication of
the ontpat of the optical source, the accessed indication of the output of the opticdd sowece, an
assumed stope of the gain relationship at 8 maximum mput of the optical source, an assumed
minimaan npot value, an assumad maximum input value, and the estimated current valoe of the

QS OF e (Tfpi?tii'i%‘iiiﬂg metrIes.

4. The method of claim 3, funthey comprising:
determining the expected amount of cutput from an nitial gem relaticaship, the gl
gain refationship comprising a third-order polynomial defined by Towr coslfivients; and
determining a value for each of the four cosfBicients based on the gcosssed indication of
the cutput of the optical source, the accessed tadication of the cutput of the optical sowee, an
assumed slope of the gain relationship at 8 maximum input of the optical source, the assumed
minimaam input value, the assnmed maximoom wpuat value, and g known value of the one or more

Qpersting melvics.

S, The method of clatra 4, wherein the kuowe vahee of one or more operating melrios 8

cither an assumed value or g provicwsly detormined value.

&, The method of claim 4, Rether comprising determining the expected local gain from the

ptial gain relationship and the sccessed mdication of the tuput provided to the optical source.

7. The method of claim &, wherein determining the expected amount of local gain comprises

using & gain estimator, the gain estimator comprising 8 buffer configured to store gain data, the
gamn data comprising 8 phwabity of operating poiats of the optical source, each operating point

comprising an mput provided o the optical soorce and & corres

pmxiing output of the optical

{GUIE,

& The method of claim 7, wherein gach of the phurality of operating points comprises an

amount of voltage provided to the optical souwrce and 8 messwred mmount of energy at @ sensor in

&

a Hthography exposure apparatus.
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9 The method of claim 7, whersin determning the expeoted smount of local gam using the
gain estimator comprises determining & sltope of a line that represents a Hinsar relationship
between at least some of the voliage amounts and the corresponding amounts of measurad

energy stored in the buffer,

1L The method of claim 1, further comprising:
detenmining an nput to provide to the oplical soarce using the updated gain relationship;
generating a ignal that represents the determined mput fo provade o the optical sewree;
and

providing the generated signal to the optived source.

1 The method of claim 1, further comprising:
filtoring the gccessed indication of the ontput to generate a filtered output; and
filtering the accessed indication of an input o generate a fthered wput, wherein
detenuining 3 outpul Srror compuises deterniiing an cutput error based on the

filiered output and the expecied smoant of ouiput,

12, The method of claim 1, wherein the optical source is configured to emit 3 pulsed Bght

bearm, and the gain relationship s npdated for each pulse in a phuadity of tenporally suceessive

pulses inthe lght beam.

13, A method of controlling sn optics! scurce in g photelithography svstem, the method
comprising:

receiving an mdication of 8 measured value assoctated with an output mstiie of the
optical source, the measured value being related (0 an energy in o palse of hight produced by the
optical sowroe;

sccessing a value of an opermating metric assoctated with the optical sonree;

extimating a relationship between the puiput metric and an input metric based on the
ndication of the messtred value of the output metvic and the value of the operating metog, the
jnput metric being related to an amount of excitation applied 1o the optical swures;

determining an sxpected value of the output parameter from the estimated relationship;

ot
ok
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comparing the indication of the measured value and the expectad value o determme an
ELEOT ML

adjusting the valoe of the operating neiric and the extimated relationship based on the
determined error metric;

adjusting & value of the input meinie assoriated with the optical sowce based on the
adjusted estimated relationship; and

providing the adjusted value of the taput metric 1o the optical source, wherein the
eatimated relationship bebween the cutput metiie and the input metric is adjusted for sach of &
plorality of optical pulses emiited from the opiical source, the plurality of pulses comprising at

least some pulses that are temporally suvcessive.

4. The method of claim 13, wherein the oniput metric comprises an ensrgy of an optical
pulse entted from the optical source, and the tnpat metric comprises an amount of voltage

configurad to be applied to & componeat of the aptical sonre.

1S, The method of clatva 14, wherein the indication of & measared energy of the beam s an
coergy measured at a waler oxposed by a lithogeaphy exposure spparatus of the photolithography
syster, and the wdication of the measured energy 18 received from the Hithography exposwe

appaLatus.

16, The method of claim 13, whereln aoceasing a value of an operating mstric comprises
sccessing @ value of 8 mindaum output encrgy and & maxinun output cnergy, the minimum
outpt energy betng an amoont of energy produced by the optical source in response to
apphcation of 8 misimuwm voltage input, the masimum outpat energy beinyg an smount of ensrgy

produced by the optical source in response to apphication of 8 muoaimum mput voltage.

17, A phowlithography system compuising:

an optical source configured to emit a puised Hight beany

a hithography sxposure apparatus cenprising an optical systen, the optical system baing
positioned to recaive the pulsed light beamn from the optical sourcs at a first side of the optical

systern and o st the pulsed Hglt beam at a second side of the optical systeny; and
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a comtred systean coupled (o the opticel souree and the Bthography exposure apparatus, the
controd systent configared to

access a value of an operating metric associated with the optical sourcy;

estimate one o more parameters that define a relationship between an output
metric amd an input metric of the optical source based on the indication of the measured
enerpy and the value of the operating meuis;

determine an expected value of the output metric from the relationship,

cornpare the mdication of the measured value and the expected value to determame
AN IO Mewi,

wdpust the value of the operating metric and the gain relationship based on the
deternuined error metric]

adost a value of the input metric associated with the optical sowrce based on the
adjusted gain relationship,; and

provide the adjusted value of the npot metric to the optical sowrce.

1R, The photolithography systers of claim 17, wherein the input metoio compeises ay amount
of voltage, and the control systom configured o apply the sdjusted value of the mput parsmeter
to the optical source comprises the control system bewng configared to provide a sigaal
comprising information indicating the amount of voltage to be applied to 8 component of the
gptical souree,

-~
’(

19, The photolithography system of claim 17, wherein the optical source comprises;
electrodes snd a gain medinm, and wherein the control system is configweed to provide a signal
comnprising information indicating the amount of voltage to be applied to the electrodes of the

optical sonrce.
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2 The photolithography syateny of olaim 17, wherein the lthography exposurs apparatus is
configured Yo recetve a walker &t the second side of the optical system and hurther comprising &
sensor at the second side of the optical system of the lithography exposure apparatug, the sensor
configored to measure an amonnt of optical encrgy at the second side of the optical system and
to provide the indication of the measored mmount of energy at the second side of the optical

system to the control system.



PCT/US2017/047437

WO 2018/048602

1/9

a7 'Ol

SC1

L /T1

L CT

L 9¢C1

V1 'Si

€71
Jajem waisAs
0J1uo

0zl ! H_ )
r44)

1012319

walsAs |eonndo
T4}

1461

T———091

92Jn0s |eo11dp

L ST1

V'l

Wa3sAg |0J1U0)
0ST

SOT

O
O
i

[4°]"

P




PCT/US2017/047437
2/9

WO 2018/048602

¢ Ol

071
0ST
SZT
STT
09 — 4
Fm— l|——— e e e - -
| /
| 1A 74 0cC
_
_ 79t «— 434 ove (474
_
09z
_ \
_
e ﬂ —
_ — T¢
_ _
_ N 24
we
_ H \ 354 /
- \ y
ONNLF 8T¢ Lie 9Tz

O
O
(oY)



PCT/US2017/047437

WO 2018/048602

3/9

J€ Ol

d¢ Dl

Ve Ol

0]}

i

1

A

1

LA

N

Y

91¢ Iv

91¢

GEE IV

0133

LOE

N

S0¢€ IV

ST€

00¢€



PCT/US2017/047437

WO 2018/048602

4/9

(x) 1ndu

¥ 'Ol

(N

(xew)] f (Ut
{ulw)o
WA f
|v ‘|
/
/

SLY B

7 viv

Ly /
OT/V
VA
f —{(xew)o
oov

(A)
indinQ



PCT/US2017/047437

WO 2018/048602

5/9

S Dl

655
JDVIYILINI LNdLNO/LNdNI

859
40SS330dd JINOYLOT1S

LSS
IOVHOLS JINOY1IO314

959
¥34dnd

569
YOL1VNILST NIVD

€4S
> J1NAON

159 IV

ST1

¢SS Iv

505

NOILV1dvVaVv

15
J1NAON
NOILVSNadWGD

0ss
W3LSAS 104LNOD

O



WO 2018/048602

600

FIG. 6

6/9

PCT/US2017/047437

Access an indication of a measured
amount of energy

/_ 605

v

Access an amount of voltage applied
to an optical system

/_ 610

v

Determine an energy error from an

expected amount of energy and the

accessed indication of the measured
amount of energy

615

v

Estimate a local slope associated
with the access amount of voltage
provided to the optical system

/_ 620

v

Determine a slope error from the
estimated local slope and an
expected slope

/_ 625

v

Determine a value of one or more
operating metrics of the optical
source based on one or more of the
slope error and the energy error

/_ 630

v

Update a gain relationship for the
optical system

/_ 635




PCT/US2017/047437

WO 2018/048602

79

VL 'Ol

XN—\C> ...
(s1un .
. s w3
ulwg
UIWA
eyd3
BCLL f
B xewy |
....... nh. _m
...................... 3
.......... .
Xew3
Vv00/Z

(suun Asesnique) ASuau3



PCT/US2017/047437
8/9

WO 2018/048602

d/ ‘Ol

XeWA UIWA

(suun ﬁ
Aseayque)

o3e}|oA

urwg

e ulwg

484/

......... . TLL

Xew3

(suun Asesngae) ASusug



PCT/US2017/047437

WO 2018/048602
t ; ' -
LY -
PR N
X .
e g . | *
p 3
s
% *
? «
o »
o
i - * ~f 3
ey
‘ ®
e* ;
l§ *
, ] .
. » | (\;
¥ . .
e *
M- ~ - .
e - .
v
. 3
* %
. ’
A
* 3
353
* -t s
. o
> N
5 . ',
g * -
£ : "
T ’ )
o | . )
€ c ; :
c 8 ® ) .
£ 5 o
CRR- . '
o & © -
2 EE . . )
. O 5 5 . i |
< W wl i ; “
| : :
' * {
H . ’,
: T i *; W WK
i R d R ) -
K g = g = g ol
» N N ?
{:} * @ N %‘:& ' m
Lo o o

(AW uTen

% 15

pulseg

FIG. 8



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US17/47437

A.
IPC
P

CLASSIFICATION OF SUBJECT MATTER
- G03B 27/54; GO2F 1/35; GO3F 7/20; HO1S 3/1

) GO3F 7/70575, HO1S 3/13, 3/134, 3/136

3 (2017.01)

According to International Patent Classification (IPC) or to both national classification and [PC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of
See Search History document

data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

column 8, lines 3-4

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2015/0355025 A1 (CYMER, LLC) December 10, 2015; figures 1-2 & 8A, paragraphs [0015], | 1-20
[0028], [0050)-[0053], (0075)-[0076), [0077]-[0079}
A US 6,646,790 B2 (PARRY, S et al.) November 11, 2003; column 4, lines 13-14, column 6, lines |1-20
37-40
A US 8,326,340 B2 (NALBANTIS, D et al.) December 4, 2012; column 10, Inies 51-53, calim 1 1-20
A US 2010/0002213 A1 (KIM, G et al.) January 7, 2010; figure 1, paragraphs [0033], [0036] & 1-20
[0045], claim 1
A US 6,458,605 B1 (STIRTON, J) October 1, 2002; abstract, figure 1, column 7, lines 13 & 39-40, | 1-20

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A™ document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skitled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

12 October 2017 (12.10.2017)

Date of mailing of the international search report

27 0CT 2017

Name and mailing address of the ISA/

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 5§71-273-8300

Authorized officer
Shane Thomas

PCT Helpdesk: 571-272-4300
PCT OSP: §71-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report

