10

15

24

30

ADJUSTING AN AMOUNT OF CORERENCE OF A LIGHT BEAM

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priovity to US Application No. 15/236,196, which was filed

on September 2, 2016, and which s incorporated herein sy its entivety by reference.

TECHNICAL FIELD
Thas disclosure relates to adjusting sn amount of coberence of a beam of hight. For
example, the techniques discussed below may be used to reduce or suppress coherence ing

pulsed optical beam,

BACKGROUND

Photolithography s the process by which senviconductor civcuitry s patterned on g
substrate such as a silicon water. A photolithography optical source provides the deep
ultravielet (DUV) light used to expose a photoresist on the waler. DUV hight for
photolithography is generated by excimer optical sources. Often, the optical source is a laser
source and the pulsed light bean 1s a pulsed laser beam. The light beam is passed through a
beam delivery uait, a reticle or a mask, and then projected onto a prepared silicon wafer. In
this way, a chip design is patterned onto a photoresist that is then eiched and cleaned, and

then the process repeats,

SUMMARY

In one general aspect, a method of controlling an optical system includes sccessing g
measared value of a property of a particular pulse of a puised hight beam enitied from the
optical sysiem, the property being related {0 an amouant of coherence of the light beam;
comparing the measured value of the property of the hght beam to a target value of the
property; determining whether to generaie a control signal based on the comparison; and if g
control signal is generated based on the comparison, adjusting the amount of coherence in the
tight beam by modifying an aspect of the optical system based on the control signal to reduce
an amoutt of coherence of a pulse that is subsequent to the particular pulse.

Implementations may include one or more of the following features. The property of
the light beam may inchide a divergence of the light beam. The divergence of the light beam

may be measured putside of the optical system.
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The pulse that is subsequent to the particular palse may be the pulse that inmediately
follows the particalar pulse.

Adjusting the amount of coherence in the light besm by modifying the value of the
property of the light beam based on the controd signal may include applving the control signal
to an optical element of the optical sysism, the optical element including an optical swrface
that interacts with the hight beam in the optical system {o at least partially determine the valoe
of the property of the light beam enutied from the optical svsten, the application of the
countrol signal being sufficient fo move the optical surface. The application of the controd
signal being sufficient to move the optical surface may include the applicabon of the control
signal being sufficient to change the shape of the opticsl surface, change the position of the
optical surface, change the angle of the optical swrince relative to a direction of propagation
of the pulsed Hght beam, or change a curvature of the optical surface. The optical surface
may include a phurality of portions, and application of the control signal is sufficient (o move
at least one of the phurality of portions of the optical surface relative to at least one of the
other portions.

In some implementations, an operating condition of the optical system 1s determned,
the operating condition being associated with one or more operating parsmeters, and i a
control signal i1s not generated based on the comparison, the neasured value of the property
of the light beam may be declared as a desired valae of the property for the determined
operating condition. Declaring the measured value of the property of the light beam as a
desired value of the property for the determined operating condition may incluade storing the
measured value In association with the operating parameters of the operating condition. The
operating parameters may include one or more of a pressure of a gan wediim of the optical
system, a temnperature of 3 gain medium of the optical system, a repetition rate of the hpht
beant emitted from the optical system, and an amount of force apphied to an optical element
including an optical surface that interacts with the light beam in the optical system to at least
partialty determine the vahue of the property of the hght beam emntted from the optical
system. An indication of g change in the operating condition of the optical system to a
current operating condition may be received, the desired value of the property for the current
operating condition may be determined from the stored data; and the target value may be set
to the defermined desired value. The indication of a change in the operasing condition of the
optical system may include an mdication of a change in the repetition rate of the light beam

emitted from the oplical sysiem to a new repetition rate, and the indication of the change in

i



10

15

20

25

3G

the repetition rate may be received front a hithography exposare apparstus that recerves the

Iight beam from the optical system.

in some inplementations, accessing a measured valne of a property of a Held beam
mcludes measuning the value of the property of the light beam af a first tume and at a second
time, the second time occurring after the first ime and after adjusting the amount of
coherence in the light beam. The value of the property of the hght beam at the second time
may be compared to the farget value, and whether {o generate a second control signal mey be
determined based on the comparison.

in another general aspect, a method of controlling an optical systen includes
obtaining a value of a property of an optical bearn emitted from an optical systemat a
plurality of operating conditions, the obtained value of the property being associated with an
amownt of coherence in the optical beam, and each of the operating conditions being
associated with one or move operating pararneters and status inforniation related to an optical
element, the optical element inchuding an optical surface that interacts with the hight beam to
at least partially determine the obtamed value of the property of the light beam; storing the
obtained value of the property and the status information related to the optical element for
gach operating condition; opearating the optical svsterm af a current operating condition, the
carrent operating condition being associated with awwvent values of one or more of the
operating parameters and a current status nformation related (o the optical element; receiving
an indication of a change in the current operating condition of the optical system, the
mdication of a change including a new value of one or more of the operating parametars;
determining status information related to the optical element associated with the new value
from the stored data; and applying a conunand signal based on the deternuned status
informaiion o the optical element.

Implementations may include one or more of the following features. The obtained
value of the property of the optical beam may be associated with an acceptable amount of
coherence in the optical beam for each of the plurality of operating conditions, and another
value of the property of the light beam may be obtamned by measuring the value of the
property of the light beam after applying the determined status information to the optical
element; the another value may be compared o the obtained value of the property associated
with the new value of the one or more operating parameters; and whether the another value of

the property 1s acceptable may be determined basad on the comparison.
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The status information and the deternnned statos wformation may nclude an amoiat
of force applied to the optical element, and, 1¥ the another value of the property s not
acceptable, a third amount of force may be determined based on the new foree and a pre-
determined constant.

The status information related to the optical element may include a position of the
surface of the optical element.

The status information related to the optical element may include an amount of force
applied to the optical element, the force being sufficient {o deternuine a position of the surface
of the optical element.

in another general aspect, a system for a light source includes an optical coupler;

a first optical system meluding a first optical element; 3 second optical svstem mcluding 8
second optical element; and a gain medivm between the first optical system and the second
optical system, where the first optical element, the second optical element, and the optical
coupler define a closed path, at least a portion of the closed path passing through the gain
medium, and one or more of the first optical element and the second optical element inchude
an optically reflective surface postioned o interact with a light beam that propagates on the
closed path, the surface including a plurality of portions, at least one of the portions having a
surface profile that is different from the surface profiles of the other segments.

Implementations may inchide one or more of the following featiwes. The first optical
element may inclade the sorface with the plurality of portions, at least one of the portions
may be a murror and at least one of the portions may be a grating. The portions may be
adjacent (o each other, and a flexible member may be between any two adjacent portions such
that at least one portion 1s movable refative to an adiascent portion. T some implementations,
any portion is movable relative to an adjacent portion. The surface profile of a portion may
be determined by one or more of a radius of curvatare and a surface characteristic of the
portion.

In another general aspect, a system for a Hght source inclades an optical coupler;

a first optical system including a first reflective optical element; a second optical system
including a second reflective optical element; and a gain mediom between the first optical
system and the second opiical system, where the fust reflective optical element, the second
reflective optical element, and the opticsl coupler define g closed path, at least a portion of
the closed path passing through the gain medium, the second reflective optical element
meludes a plurality of distinet reflective surfaces, a first of the distinct vetlective surfaces

positioned fo recetve a light beam from the gain medium and to reflect the light beamto a
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seconsd of the distinet reflective surfaces, the second of the distinet reflective surfaces being
positioned 1o receive the light beam from the first distinet veflective surface and 1o reflect the
light beam into the gain mediony, and at least one of the distivet reflective surfices being one
or mowe of physically separated from the other reflective surfaces and movable relative 1o the
other reflective surfaces.

At least one of the distinct reflective surtaces of the second optical element may be
movable relative to the other reflective surfaces, and the second optical systent alse may
include an actuator coupled to the at least one movable reflective surface, the actuator being
configured to cause the movable reflective surface to move n response 1o a command signal.

in another general aspect, a svstem inclades an optical systemn configured to amplify a
puised optical beam, the pulsed optical beant having a repetition rate, the optical system
mcluding an optical coupler; a first optical element; a gain mediom; and a second optical
element, the gain mediam being between the first optical element and the second optical
element, and the first optical element, the second optical element, and the optical coupler
defining a closed path that passes through the gain medivm; a lithography exposure apparatus
configured {o receive the amplified pulsed optical beam; and a control system coupled to the
optical system and the hthography exposure apparstus, the control system configured to:
recetve a requast to change the repetition rate of the pulsed optical beam from a first
repetition raie to a second repetition rate, detgrmine a vahue of property of the pudsed optical
beam at the second repetition rate, determine whether the value of the property is acceptable,
and if the value of the property is not acceptable, generate 8 connand signal based on the
deternuned value of the property, and provide the conymand signal to the optical sysiem, the
command sigual being sofficient to physically modify a controllable optical element that
teracts with light that propagates on the closed path of the optical systent.

Implementations may include one or more of the following features. The value of the
property of the pulsed optical beam may be a measure of coherence of one or more pulses of
the pulsed optical beam.

The control system may be further configured to determine whether the value of the
property is acceplable after providing the command signal to the oplical sysiem.

Determining a value of the property of the pulsed optical beam st the second
repetition rate may include accessing a value of an amount of force apphed to the controllable
optical element, and providing the command signal o the controliable optical element may

mnclude applving a different amount of force to the controllable optical element.
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Deternmning a value of the property of the pulsed optical beam at the second
repetition rate may inclede measuring a divergence of the pulsed optical beam when the
optical system operates at the second repetition rate.

Determining a valug of the properiy of the pulsed optical beam at the second
repetition raie may nclude accessing a value of the property of the pulsed optical beam
stored in an electronic storage. The value of the property of the pulsed optical beam stored in
an electronic storage may be a value measwred previoushy and while the optical systen:
operated at the second repetition rate.

The request to change the repetition rate may be received from the lithography
£XPOsuUre apparatus.

The control system also may include an operator interface, the operator mterface
being configared to allow operator interaction with the hithography exposare apparatus, and
the request to change the repetition rate may be received from the operator interface.

The optical system also may include electrodes configured (o excite the gam medium,
and the repetition rate of the pulsed optical beam may be controllable by controlling a firing
patiern of the electrodes, the firing patiern specifyving when the electrodes are i an active
state that is sufficient to excite the gain mediunt.

The controliable optical element may be one or more of the first optical element and
the second opticat element,

Implementations of any of the techniques described above and beremn may inclode a
process, an apparatus, a control system, instructions stoved on & non-transient machine-
readable computer medium, and/or a method. The details of ong or more implementations
ave set forth in the accompanying drawings and the description below. Other features will be

apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1A i3 a block diagram of an example of a photolithography system.
FIG. 1B is a block dingram of au example of a mask used in the photolithography
system of FIG. 1A,
FIG. 2 15 a block diagram of another exersplavy photolithographby system.
FIGS. 3A, 3B, and 3C are graphs of examples of signals that ave used to control an
optical source that 1s part of a photolithography system,

FIGS. 4 and 3A are block diagrams of another example of a photolithozraphy system.
2 i grapay 8y
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FIG. 3B 1s a side view in the x-v plape of a resonator cavity of the systems of FIGS. 4
and SAL

FIG. 3C is a side view in the y-z plane of the resonator cavity of FIG. 5B,

FIGS, 69 arg side views of exemplary reflective optical slements.

FIGS. 10-13 are side views of exemplary beam turning oplical sysiems.

FIGS. 14 and 13 are How charts of exemplary processes for controlling sn optical

system.

Referning to FIG. 1A, a photolithography system 100 includes an optical (or lght)
source 103 that provides g light beam 160 to hithography exposure apparatus 115, which
processes a wafer 120, The Hght beam 166 i3 a pulsed lght beam that includes pulses of hght
separated from each other i ime. The lithography exposure apparatus 115 includes a
projection optical system 125 through which the light beam 160 passes prior to reaching the
wafer 120, and a detector 122, The detector 122 may be, for example, a camera or other
device that is able to capture an image of the wafer 120 or the light beam 160 at the wafer
120, or an opucal detector that is able to capture data that describes characteristics of the
beany 164, such as mtensity of the beam 160 at the waler 120 in the x-v plane. The
{ithography exposurs apparatas 115 can be a hquid immersion system or a dry svstem. The
photohithography system 100 also may inclode a control system 150 1o control the hght
source 105, In implementations that include the control systent 130, the control system 130
is couplad to the light source 103 and also may be coupled to the lithography exposure
apparatus 115,

Microglectronic festures are formed on the wafer 120 by, for exanple, exposing a
fayer of radiation-sensitive photoresist material on the wafer 120 with the light beam 160
Referving also to FIG. 1B, the projection optical system 125 inclades a slit 126, a mask 124,
and a projection lens 127, After reaching the projection optical system 125, the Hight beam
160 passes through the shit 126, In the exgmple of FIGS, 1A and 1B, the slit 126 15
reclangular and shapes the light beam 160 inio an elongated rectangular shaped hight beam.
Tins shaped light beam then passes thronghthe mask 124, A pattern s founmed on the mask
124, and the paitern determines which portions of the shaped hght bean are transmitted by
the mask 124 and which are blocked by the mask 124, The design of the pattern is

determined by the specific microelectronic circuit design that is to be formed on the waler
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120, The portions of the shaped {ight beam that are tapsimitted by the mask 124 pass through
{and can be focused by) the projection fens 127 and expose the wafer 120,

The critical dimension (CD), which is the smallest festure size that can be printed on
the wafer 120 by the system 100, depends on the wavelength of the light beam 160, The
optical source 103 produces light having a wavelength that is nominally at a center
wavelength. To mamtain a umiform CD of the microelectronic features printed on the waler
126, and on other waters exposed by the system 100, the center wavelength of the Hght beam
160 shoudd remain at an expected or target center wavelengih or within a range of
wavelengths around the target wavelength. Thus, in addition (o maintaining the center
wavelength at the tarpet cenier wavelength, it is desirable to make the bandwidth of the Hght
beant 160 (the range of wavelengths in the hight beam 1661} small or narrow. A variety of
techniques may be used {o decrease the bandwidth of the light beam 160. For example, the
fight beam 160 may be narrowed through interaction with a dispersive optical element, such
as g grating, that removes some wavelengths from the light beam 160 while retaining others.
However, such bandwidth-reducing techniques may inerease the coherence of the light beam
1660, Increasing the coberence may lead to speckle, the presence of which may cause an
unwarted variation in the CD.

The lght beain 160 is an electromagnetic field and may exhibit spatial and’or
temporal coherence. The beam 160 has spatial coherence when the phase of' the
electromagnetic field at different locations is the same. The beam 160 has temporal
coherence when the phase of the electromagnetic field at a single location is the same st
different times. When the bemm 160 has spatial andfor temporal coherence, the wavefronis in
the beam 160 may randomly interfere with each other to produce speckle. The speckle
causes spatial andior temporal noise in the hight beam 160, and the speckle may couse 8
speckie pattern that has a non-unifonm intensity profile in the x-y plane at the optical system
125 andfor the wafer 120,

Thus, when the beam 160 is lighly coberent, speckle is present in the beam 160, and
the light delivered to the projection optical system 125 andvor the waler 120 includes noise,
For example, the hghbt at the wafer 124, which is delivered by the beam 160, may have a non-
uriform mtensity in the x-y plang, and this nov-uatformity can resull in uneven exposure of
the photoresist and a varigtion in the C. For example, speckle may result in variation of the
sizes of the exposed regions of photoresist that make up the microelectronic features, causing

the features o be mproperly formed and defective.
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The techniques discussed below reduce the coherence of the Hight beam 160, theveby
reducing the amount of speckle, without increasing the bandwidth of the higdt beam 160, As
discussed in greater detail below, the coherence of the light beam 160 is reduced by changing
the modal content of the light beam 160, The modal content may be changed by modilving a
resonator cavity of the optical source 103, for example, through manipudation of repositioning
of one or more optical elements that define the resonator cavity., An example of s resonator
cavitv is discussed below with respect to FIGS. 2, 4, SA, 3B, and 5C. FIGS. 6-13 show
optical elements that inclade one or more optical elements that are adjustable 1n a manper that
allows the coherence of the light beam 160 to be changed. The modifications to the resomator
cavity may be made at the time of manufsctore, performed by a human operator in the field,
or controlled in 3 closed-loop manner with the control system 130 while the Hght source 105
operates and produces lght. In some implementations {such as the example discussed with
respect to FIGS. &, {4, and 15}, the cobervence of the light beam 160 may be changed in
response o a conunand from the lithography exposure apparatus 115,

In some mmplementations, a characteristic that relates to the coherence of the hight
heam 160, such as, for example, 8 divergence of the light beam 160, 15 measured (o deternune
whether the gimount of coherence in the light begmn 160 shoudd be adjusted. Divergence of an
glectromagnetic beam (such as the light beam 160) is an angular measure of the increase n
beam size as the beam propagates away {rom an aperture in a plane parallef to the divection of
propagation. Thus, the divergence of the beam 160 may be based on an increase in the
diameter of the beam 160 in a plane perpendicular to the direction of propagation. For
example, m implemeniations in which the light beam 160 has a circular cross-section in a
plane that is perpendicalar to the divection of propagation, the divergence of the beam 160
may be based on an increase in the radius of the beam 160, In some implementations, the
fight beam 160 may have g rectangular cross-section, and the divergence of the beam may be
based on an increase in either or both of the vertical and honizontal directions. The
divergence of an electromagnetic wave {such as the beam 160) increases as the coherence of
the wave decreases. Examples of tmplementations i which a property of the beam 160 may
be measared to determine whether the coherence of the beam 160 should be reduced are
discussed with yespectio FIGS. 3, 14, and 15,

Betore discussing the detatls of the techmiques for reducing cohevence of the hght
beam 160, example tnplementations of the hight source 103 are discussed with respect o
FIGS. 2 and 3A-3C,
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Referring also to FIG. 2, a block diagram of an exemypdary photolithography svstem
200 is shown. In the photohthography system 200, an exemplary optical source 208 48 used
as the optical source 103 (FI1G. 1), The optical source 203 produces a pulsed light beam 260,
which is provided {0 the lithography exposure apparatus 113, The optical source 203 can be,
for example, an sxcimer optical source that outpuls the pulsed light beam 260 (which can be
a laser beam). As the pulsed light beam 260 enters the lhthography exposure apparatus 115, 1
is directed through the projection optical svstem 125 and projected onto the waler 1240 In
this way, one or more microelectronic featurgs are patterned onto a photoresist on the wafler
120 that s then developed and cleaned priov to subseqguent process steps, and the process
repeats. The photolithography svstem 200 also mcludes the control systent 150, which, in the
example of FIG. 2, is connected to components of the optical source 205 as well as o the
{ithography exposure apparatus 115 to control various operations of the system 200

In the example shown in FIG. 2, the optical source 205 1s a two-stage laser system
that includes a master oscillator (MO) 212 that provides a seed light beam 224 to a power
amplifier {PA) 230, The MO 212 and the PA 230 may be considered to be subsystems of the
optical source 205 or systems that are pavt of the optical sowrce 205, The power amplifier
230 recetves the seed light beam 224 from the master oscillator 212 and amplifies the seed
Hight beam 224 to generate the Light beam 260 for use in the hithography exposure apparatus
LIS, For example, the master oscillator 212 can enui a pulsed seed hight heam, with seed
pulse energies of approximately 1 millifosle () per pulse, and these seed pulses can be
amplified by the power amplifier 230 1o about 1010 153 ml.

The master oseillator 212 includes a discharge chamber 240 having two elongated
electrodes 217, a gain medhum 219 that is a gas mixtwre, and a fan for circulating gas between
the electrodes 217, A resonator is formed between a line narrowing module 216 on one side
of the discharge chamber 240 and an putput coupler 218 on & second side of the discharge
chamber 240, The hine narrowing module 216 can include a diffractive optic such as a
grating that finely tunes the speciral output of the discharge chamber 240, The master
osciflator 212 also includes a Hue center analysis module 220 that receives an output tight
beam from the owtput coupler 218 and a beam coupling optical system 222 that modifies the
size ot shape of the output Hght beam as needed to form the seed hght beam 224, The hoe
center analysis module 220 is 3 measurement system that can be used fo measure or monitor
the wavelength of the seed light beam 224, The line center analysis module 220 can be
placed at other locations in the optical source 205, or i can be placed at the output of the

optical source 205,
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The gas mixture used i the discharge chamnber 240 can be any gas sutlabde for
producing o Hoebt beam at the wavelength and bandvadih requared for the apphication. Foran
excimer source, the gas mixture mav contain a noble gas (rare gas) such as, for example,
argon or krypton, a halogen, such as, for example, fluorine or chiorine and traces of xanon
apart from helhon andior neon as baffer gas. Specific examples of the gas mixture inchude
argon fluoride (ArT), which emits hght at a wavelength of about 193 wm, krypion fluoride
(Kr¥3, which emits fight at a wavelength of about 248 nim, or xenon chloride (XeCl), which
envits hight at a wavelength of about 351 am. The excimer gain medimm {ihe gas mixture} is
pumped with short (for example, nanosecond) current pulses in a high-voliage electnie
discharge by apphcation of & voltage to the elongated electrodes 217

The power amplifier 230 includes a beam coupling optical svstem 232 that recetves
the seed light beam 224 {from the master oscillator 212 and divects the light beam through a
discharge chamber 240, and to a beam tuming optical element 252, which modifies or
changes the direction of the seed light beam 224 so that 1t is sent back into the discharge
chamber 240,

The discharge chamber 240 includes a pair of elongated electrodes 241, s gain medium 219
that s a gas nuxture, and a fan for cireulgting the gas mixture between the electrodes 241,

The cutput ight beam 260 15 divected through a bandwidth analysis module 262,
where various parameters (such as the bandwidth or the wavelength) of the beam 260 can be
measured. The output light beany 260 can also be directed through a pulse stretcher, where
each of the pulses of the output light beam 260 is stretched in time, for example, in an optical
delay unit, to adjust for performance properties of the light beam that imypinges the
hithography exposure apparatus 115,

The comtrol system 130 may be connected to various components of the optical source
245, For example, the control svstem 150 may conirol when the optical source 205 emiis a
puise of light or a burst of hight pulses that inchudes one or more pulses of hight by sending
one or more signals (o the optical source 203, The hight beam 260 can include one or more
bursts that sre separated from each other in thme. Each burst can include one or move pulses
of ight. In some mmplementations, a burst inclades hundreds of pulses, for example, HXR400
pulses.

The Hight beam 260 {and the lght beam 160) are pulsed Hght heams. The coherence-
reducing techniques discussed below may be applied on 3 pulse-by-pulse basis. In other
words, the amount of coherence {and, thus, the amount of speckle) may be controllad for each

ndividual pulse. Additonally, the amount of speckie n each pulse may be controlled based

i1
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on g conmmand signal from the lithography exposwre apparatus 115, Prioy to discussing the
cohierence reducing techniques, FIGS. 3430 provide an overview of the production of
pulses in the optical source 205, FIG. 3A shows an amplitude of a wafer exposure signal 300
as a function of time, FIG. 3B shows an amplitude of a gate signal 315 as a function of time,
and FIG. 3C shows an amplitude of a tnigger signal as a function of time.

The control system 1350 can be configured to send the waler exposure signal 300 1o
the opuical source 208 to controd the optical source 203 to produce the light beam 260, 1n the
example shown in FIG. 3A, the wafer exposure signal 300 has a high value 305 (for example,
1} for a period of time 307 during which the optical source 205 produces bursts of pudses of
light. The wafer exposure signal 300 otherwise has a low value 310 (for exaniple, () when
the wafer 120 is not being exposed.

Referring to FIG. 3B, the light beam 26{ 15 a pulsed light beam, and the Light beam
260 inchedes bursts of pulses. The control system 150 also controls the duration and
frequency of the bursis of pulses by sending a gate signal 315 to the optical source 205, The
gate signal 315 has a high value 320 (for example, 1} during a burst of pulses and a low value
325 {for example, () during the tme between successive bursts. In the example shown, the
duration of time 8t which the gate signal 315 has the high value i also the duration of g burst
316, The bursts are separated n time by an inter-burst time inferval. During the mier-burst
time wterval, the hithography scanning apparatus 1135 may position the next die on the wafer
120 for exposure.

Referring to FIG. 3, the control system 150 also controls the repetition rate of the
pulses within sach burst with a trigger signal 330 The trigger signal 330 includes triggers
340, one of which is provided to the optical source 205 to cause the optical source 205 to
produce a pulse of fight, The control system 150 can send a trigger 340 10 the source 205
gach time 3 pulse 1s {0 be produced. Thus, the repetition rate of the pulses produced by the
optical source 205 {the time between two successive pulses} can be set by the trigger signal
33,

As discussed above, when the gain medivm 219 1 pumped by applying voltage to the
electrodes 217, the gain medium 219 emits light. When voliage 15 applied 1o the electrodes
217 in pulses, the lighi emitted from the wedium 219 15 also pulsed. Thus, the repetition rate
of the pulsed light beam 260 s determined hy the rate at which voltage is applied to the

electrodes 217, with each application of voltage producing a pulse of light, The pulse of tight
propagates through the pain medium 219 and exits the chamber 214 through the cutput

coupler 218, Thus, a train of pulses is created by periodic, repeated application of voltage to

12
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the slectrodes 217, The trigger signal 334, for example, can be used o controt the
application of voltage 1o the electrodes 217 and the repetition vate of the pulses, which can
range between about SO0 and 6,000 Hz for most applications. In some implementations, the
repetition rate can be greater than 6 000 He, and can be, for example, 12,000 Hz or greater

The sigaals from the control system 130 can also be used o control the electrodes
217, 241 within the master oscillator 212 and the power ammplifier 230, respectively, for
controlling the respective pulse energies of the master oscillator 212 and the power amplifier
230, and thus, the engrgy of the light beam 260. There may be a delay between the signal
provided to the electrodes 217 and the signal provided to the electrodes 241, The amouant of
delay may influence the amount of coberence in the pulsed hight beam 260, For example, the
coherence of a pulse of the seed light beam 224 nmay vary i time, with the front edge (the
portions of the pulse that occuy first in time) having the least coherence and the later-
ocquring portions of the pulse having the most coherence. The delay between the signal
provided to the electrodes 217 and the signal provided 1o the electrodes 241 determines which
portton of the pulse 1s amplified. Thus, a larger delay results in a pulse with more coherence
and a shorter delay resalts 1n a polse with less coberence.

The pulsed hight beam 260 can bave s gvergge output power in the range of tens of
walts, for example, from about 30 W to about 130 W. The frradiance {that is, the average
povesr par wind area} of the fight beam 260 at the output can range from 60 Wicm' to 80
Wient'

Referring to FIG. 4, a block diagram of an example optical hthography system 400 is
shown. The optical Hthography system 400 includes an optical system 405 that provides a
hight beam 460 to the lithography exposure apparatas 115, The optical system 405 may be
similar to the power amphifier (PA) 230 discussed with respect to FIG. 2. The optics systemn
403 recetves an inpat light beany 424 at 3 beam coupling optical system 432, The input light
beam 424 may be produced by a laser or source that is similar to the master oscillator (MO}
212 of FIG. 2. In some implementations, a master oscillator similar to the MO 21215
included in the optical lithography system 400,

In the implementation shown i FIG. 4, the beam coupling optical system 432
mcludes s ophical coupler 433 and a reflective optical element 434, The optical coupler 433
is made of & material that ransmits gt legst some of the wavelengths in the npui light beam
424, and may transmit all of the wavelengths i the inpuot light beam 424, The inpat light
beam 424 passes throuagh the optical coupler 433 and 1s reflected from the reflective optical

element 434, The reflective optical element 434 may be any type of opticel element that is
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capable of reflecting the Light beam 424, For example, the reflective optical element 434 mgy
be a nurror. FIGS. 60 show examples of optical elements that way beused as the optical
glement 434,

The optical coupler 433 and the reflective optical elerngnt 434 are arranged relative to
zach other and the direction of propagation of the input hight beam 424 such that the fnpuwt
light beam 424 passes through the oplical coupler 433 and reflects fromn the optical element
434 into a discharge chamber 444, which includes a gain medium 419, The discharge
chamber 4440 and the gain mediam 419 may be similar to the discharge chamber 240 and the
gamn medium 219, respectively, discussed above with respect to FIG. 2.

in the example of F1G. 4, the optical coupler 433 and the reflective optical element
434 are in physical contact with each other and angled such that the reflective optical element
434 directs the mpai beam 424 nio the discharpe chamber 440, However, in other
implementations, the optical coupler 433 and the reflective optical element 434 may be
angled relative to each other without making physical contact.

After reflecting from the reflective optical element 434, the inpwt beam 424
propagates i the discharge chamber 440 and the gain medium 419 {o a beam turming optical
systom 452, The beam turning optical systern 452 includes at least one optical element that is
postitoned 1o turn the beam 424 such that the beam 424 changes propagation direction and
passes through the gatn medivm 419 again. The beam 424 may pass through the gamn
mediom 419 afier being turned by the beam turning optical system 4352 along a path that does
not comcide with the path of the beam 424 as it travels toward the beam turning optical
system 452, In this way, the beam 424 follows a closed ring path 443 (dashed hne) through
the discharge chamber 440, For example, the beam hurning optical systern 452 may include a
mirror, a corner-cube reflector, a partially reflective optical element, andior a combination of
such elements, FIGS, 10-13 show examples of elements that may be used as the beam
turning optical system 452

After being turned by the beam toming optical system 452, the inputf beam 424
propagates in the gam medivm 419 toward the beam coupling optical systews 432 and is
amplified. The input beam 424 impinges on the optical coupler 433, which is at least
partially transmissive 1o the wavelengths in the input beam 424, and a portion of the nput
heam 424 passes through the optical coupler 433 as an output beam 460, The output beam
460 s provided to the {ithography exposure spparatus 113, A portion of the mnput beam 424
that 1s not ransmitted through the optical coupler 433 is reflected from the optical coupler

4373 and travels abowt the closed path 443 agam.
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The optical coupler 433, the reflective optical element 434, and the beam turmng
optical system 452 define a resouator cavity 457, The cavity 4587 defines the closed path 443
on which the beam 424 propagates. In FIGS. 4 and SA, the closed path 443 15 represented
with a dashed Hine. At least a portion of the closed path 443 passes through the gain medium
419. The path 443 is closed becanse the hight entering the path 443 intersects and overlaps
tiself at ope or more points along the path 443, In the example of FIG. 4, the intersection
occurs at the optical coupler 433, The closed path 443 may be a ring, a circular or elliptical
toop, a polygonal loop, or any other loop-like closed path that has at least a porfion that does
not reflect back on dself. In some implementations, such as the example of FIG. 4, a portion
of the closed path 443 may tersect another portion of the closed path 443 in the cavity 457.

The resonator cavity 437 also may mnclude additional elements that are not shown in
FIG. 4. For example, the resonator cavity 457 may include a dispersive optical system
between the beam coupling optical systern 432 and the gain medinm 419, The dispersive
optical sysiem receives the beam 424 from the reflective element 434 and demagnifies the
hight, producing a spatially narrow bean that passes through the pain medinm 419, After the
heam 424 is retarned from the beam turning system 452 and passes through the gain medium
419, the dispersive optical system magnifics the beam 424 prior to the beam 424 reaching the
aptical coupler 433, The dispersive oplical system may include a collection of dispersive
optical elements, sach as prisms andfor gratings. The dispersive optical system may be part
of the beam coupling optical systenm 432,

Referring to FIG. SA, a block diagram of another exemplary optical lithopraphy
system 300, which includes an optical svstem 503, is shown. The optical hthography sysiem
5060 1s the same as the optical {ithography system 400 (FIG. 4), except the optical Hthography
system 500 includes g control svstens 530, The control system 350 provides a command
stgnal, which may be either or both of the conwmand signals 555 and 3537 to the oplical
sysiem 503 to adjust the cavity 457 during use of the optical system 505,

The optical Hthography system 500 may include an optical beam monitormy optical
system 562 that provides a portion 331 of the beam 460 10 the conirol system 550, In
implementations that include the optical beam monitoring optical svstem 362, the control
system 830 and the optical beam monitoring optical system 562 ymplement a closed-loop
feedhack svstem that is used to adjust the amount of coherence n the heam 460 while the
optical system 505 operates. Alternatively or in addition o receiving the portion 351 from the

optical beam monitoring optical system 362, the control sysiem mav receive a command

i
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stgnal 833 from the Hthography exposure apparatas 115, The command signal 383 may
incinde data from the detector 122 that indicates ay anount of coherence i the beam 460,

Regardiess of whether the optics] beam monitoring optical system 562 or the control
signal 533 mrovides dat o the control svstem 350, the control system 550 implemants a
closed-toop feedback system that determunes a value of a property of the beam 460 based on
measured data and adjosts the cavity 457 when the value indicates that the coherence of the
beam 460 exceeds an accepiable amount. The acceptable amount of coherence may be a
range of a single value. The range may be defined by a threshold above which the coherence
is unacceptable. The closed-loop feedback system may be used o control the coherence of
the beam 460 on a pulse-by-pulse basis,

The coherence {and divergence} of the beam 460 may be adjusted by controlling the
modal content of the light beam 460, The light beam 460 includes modes, which are discrete
resonant conditions at least partially determined by the geometry of the cavity 457, The
beam 460 includes only those electromagnetic waves that maich the modes that the cavity
457 15 able to support. Thus, the modes that are supported by the cavity 457 collectively
make up the modal coment of the light beam 460. Referring also to FIGS. 5B and 5C, which
are side cross-sectional views of the cavity 457 in the x-v and y-2 planes, respectively, the
resonator cavity 437 supports longitudinal or axial modes (in the x-v plane and alony a
fongitudinal axis 413 of the cavity) and lateral or transverse modes {in the y-z plane, which i3
perpendicular to the longhtudinal axis 413},

The longitudinal modes may be considered to be o standing wave pattern formed by
electromagnetic waves In the cavity 4537, with the frequencies of the standing waves
corresponding to the discrete frequencies included in the beam 460, The standing waves that
ave supported by the cavity 437 are at least partially determined by the cross-sectional
zeometry of the cavity 437 i the x-y plane. The lateral modes are at least partially governed
by the geometry of the cavity 457 in the v~z plane. The lateral modes may have horizontal {y
direction) and vertical components {z direction), and the lateral modes determine the intensity
distribution of the beant 460 10 the y-2 plane. Thus, by changing the geometry of the cavity
457 by, for example, by changing the shape of an optical element that interacts with light in
the cavity 4587, the modal content of the beam 460 may be changed. For example, an element
that 15 jncluded in the reflective optical element 434 andior the bearm urning svstent 432 may
change shape by being adjusted as discussed with respect to FIGS, 6-13,

The modal content of the beam 460 also may be influenced by operating conditions,

such as the temperature in the cavity 457, the pressure in the cavity 457, the repetition rate of
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the beans 464, and the duty cycle of the bemn 460, The gain medium 419 §s excited by
discharging electrodes in the cavity 4537, and the repetition rate and duty cyele of the beam
460 are determined by the frequency and duration of the discharge. When electrodes
discharge, acoustic waves form in the medium 412, The acoustic waves cause pressura
variations that perbab the mdex of refraction of the median 419, The pertwrbations of the
index of refraction are local, thus, the scoustic waves may cause the index of refraction of the
mediun 419 {0 spatially vary i the discharge chamber 448, The vanations m the index of
refraction may alier the direction of the beam 424 that propagates in the chamber 440, and the
medium 419 may be considered 1o act as an aperture fn the cavity 457 with an unkaown
andfor varying transfer function. Because the medium 419 acts as an aperture in the cavity
457, the mediunt 419 also partially determines the modes that are able to propagate in the
cavity 4537, The perturbations of the index of refraction of the medium 419 thus also affect
the modal content of the beam emitted from the cavity 457, thereby affecting the coherence
and the diverpence of the beam 460, The characteristics of the perturbations, such as, for
example, the amplhitude, location, and amount of the perturbations may vary with the
conditions in the cavity 457, As sach, changing the repetition rate of the beam 460 or any
other operating condition may change the coherence of the begm 460 in an anpredictable
manner. Thus, i may be desirable to monitor the beam 468 to determine whether the cavity
457 should be adiusted 1o reduce the coherence of the beam 460 while the system 300 is
operating and producing the beam 460,

The control system 550 allows the bearn 460 to be monttored and the coherence of the
beam 460 confrolled through adjustment of the reflective optical element 434 and/or the
beam twrning optical systemy 452 during operation of the systemn 500

The control system S50 may receive connmands through an inputioutput (11Q)
migrface 367, The commands may onginate from the lithography exposure apparatus 113
and/or come directly from an operator or an automated process. The control system 350 also
may receive a command signal 553, which may include data related to the beam 468, from
the detector 122, 1n some implementations, the control systern 550 receives data related (o
the beam 460 from the metrology module 568, The control system 530 provides conunand
signals 555, §57 10 erther or both of the beam turming system 4582 and the beam couphing
optical svstem 432, respectively.

The control system 350 melodes an electronie processor 364, an electronic storage
566, the mput'outpat (Y0} miterface 567, and the metrology module 5368, The metrology

module 568 recerves the portion 551 of the beam 460 from the optical beam monitoring
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optical system 562 and determines a property of the beam 460 based on the portion 531, The
metrolopy modele 368 nwy include any optical element, a collection of optical elervents,
andfor mstrmentation that measures one o more properties of the beam 460. For example,
the metrology module 568 may melude a camera that inages the portion of the beam 460
provided by the optical beam monitoring optical system 362, Imsges from the camera may
be used to determine properties of the beam 460 such as beam divergence and infensity. The
metrology meodule 368 may include other elemenis that ave able to assess the properties of the
beam 460. For example, the metrology modude 568 may include variable apertures, pinholes,
and other spatial filters that may be used to measure beam divergence. The metrology
module 368 also may include other optical elements such as mirrors and lenses that receive
and direct the light from the optical beam monitoring optical system 562,

The optical beam monttoring optical system 562 may include any device capable of
divecting a portion of the beam 460 1o the metrology module 568, For example, the optical
beam monitoring optical svstem 562 mayv be a beam splitter that directs some of the beam
460 toward the control. In the example shown m FIG. 34 the beam monitoring ophical
system S62 obtaing a sample of the beam 460 that bas passed through the beam coupling
optical svstem 432, However, the beam montiormg optical system 562 may be placed in
ather locations. For example, the beamn monitoring optical system 362 may be inside the
{ithography exposure apparatas 113, In some implementations, the optical lithography
system 300 includes a bandwidth analysis module (BAM) between the beam coupling optical
system 432 and the lithography exposure apparatus 115, The BAM may be similar to the
bandwidth analysis module 262 of FIG, 2, and the BAM measures various parameters of the
beam 360, such as, for example, the bandwidth andfor the wavelength, In these
implementations, the beam monttoring optical system 562 may be placed between the BAM
and the hithography exposure apparatas 115

The control system S50 also imcludes the electronic processor 564, the electronic
storage 566, and the 1O interface 567, The electromic processor 564 includes one or more
processors suitable for the exegcution of a computer program such as a general or special
prrpose microprocessor, and any one of more processors of any kind of digital computer.
Generally, an electronic processor recerves instructions and data from a read-only memory, &
random access memory, of both, The electronic processor 564 may be aay type of electromic
PrOCessor.

The electronic storage 566 may be volatile menmory, such as RAM, or nonevelatile

memory. T some implementations, and the elecironic storage 566 inchudes non-volatile and
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volatile portions or components. The glectronic storage S66 may store data and information
that 13 used fn the operation of the control system 330 and/or components of the coutrol
system S50, The information may be stored in, for example, a look-up table or a database.
For example, the elecironic storage 566 may store data that indicates values of various
properties of the beam 464 under different operating conditions and performance scenarios.
For example, the eleciromic storage 566 may store beam divergence values that correspond to
optimal performance of the optical svstem 3035 at different repetition rates and cavity 437
femperatures. Additionally or alternatively, the electronic storage 566 may store settings thai
pertain to either or both of the beam tuning system 452 and the bearn coupling optical
system 432,

The electronic storage 366 also may store instructions, perhaps as a conputer
progran, that, when execuied, cause the processor 364 to communicate with components in
the control system 330, the optical systemy 505, andfor the Tithography exposare apparatus
115, For example, the instructions may be instructions that cause the electronic processor
564 to determine an amount of divergence of the beam 460 based on mformation from the
melrology module S68. In some implementations, the instructhions ave wstractions that cause
the control system 550 to generate and provide a conumand signal to one or more components
of the beam turning svstem 432 or the beam coupling optical system 432 (o move the
component to modify the resopator cavity 457 and reduce the coherence of the beam 460
Moving the component may mclude any type of motion of the component or g portion of the
component {such as a surface of the component that interacts with light}. For example,
moving may include one or more of shifting, rotating, turning, lateral motion of all or a
portion of the component, any kind of shape change including a deformation or a change in
an amount of curvatore, and a change in an angle relative 1o incident light,

The 1O interface 367 is any kind of elecironic innterface that allows the control system
554 1o receive andfor provide dats and signals with an operator, the optical system 505, the
beam turning system 452, the beam coupling optical system 432, the lithography exposure
apparatus 15, and/or an automated process rumuing on anothey electronic device, For
example, the IO mierface 567 may inchide one or mwore of a visual display, 8 keyboard, and a
commumcations interfsce.

FIGS., 6-13 show various taplerentations of the reflective optical element 434 and
the beam turning optical system 452, Any of the reflective optical elements shown in FIGS.
£-9 may be used as the reflective optical element 434, and any of the beam hurning oplical

systems shown in FIGS. 10-13 may be used as the beam toming optical system 432, An
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optical system mav inclode any of the reflective oplical elements shown W FIGS. 6-9 as the
reflective optical element 434 andior any of the beam turming optical systems shown in FIGS.
10-13 as the beam turning optical system 432, In other words, any of the reflective optical
glements shown in FIGS. 6-9 may be used with any of the beany turmmg oplical systems
shown i FIGS. 10-13.

FIGS. 6-9 are side views of reflective optical elements 634, 734, 834, 934,
respectively. Each of the reflective optical elemeanis 634, 734, 834, 934 has a reflective
surface that is oriented {0 receive the light beam 424, and the surface has a sarface profile that
determines how the surface reflects incident light. The surface profile may be determined by
the radius of curvature of the surface, the matenal of the surface, andfor by phvsical
characteristies of the surface {for example, the surface may include a blarzed grating).
Because the reflective optical element 434 forms part of the resonator cavity 457, the surface
profile of the optical element 434 determines the modal content of the light in the resonator
cavity 457,

FIG. 6 is a side view of the optical element 634 in the x-v plane. The optical element
634 extends 1 the z direction {info and/or ot of the page) along an axis 679, The optical
clement 634 inclades a body 672, which bas ar optically reflective surface 674, The
eptically reflective surface 674 may be any tvpe of material that reflects the wavelengths in
the beam 424. For example, the optically reflective surface 674 may be a nmurror or a muili-
taver dielectric stack designed 1o reflect the wavelengths i the beam 424,

The surface 674 defines a surfiace normal 671, The reflective surface 674 reflects
meident Hight (inchuding the beam 424) along the surface normal 671, The reflective surface
674 is curved in the x-v plane, thus, the surface normal 671 extends i wore than one
divection in the x-y plane. The reflective surface 674 wmay be, for example, a torotdal
reflective surface (such as a oylindrical reflective surface) or another type of aspheric
reflective sunface. In the example shown i FIG. 6, the reflective surface 674 has a carvature
that resulis in the surface 674 being convex relative o the beam 424 in the x-y plane, and the
surface novmal 671 extends radially outward from the surface 674.

The optical element 634 also includes one or more rigid fasteners 675, The body 672
15 capable of being deformed 1o response to an applied force 676, The applied force 676 may
be, for example, a mechanical force provided by a plezoelectric (PZT) actuator andior a
prieumatic presswre applied to a pneumatic cyhinder. The applied force 676 may be any kind
of a force, including a torque. The rigid fastensrs 675 hold a portion of the body 672 at a

fixed location when the force 676 1s applied. By holding a portion of the body 672 at a fixed

3
=



10

15

20

25

3G

location while the force 676 15 applied, the vigid fasteners 675 allow another portion of the
hody 672 not held by the rigid fasteners 675 to deform (for example, change shape)in
response to the application of the force 676.

The rigid fasteners 675 may be rigid posts that hold a portion of the body 672 mna
fixed location by making physical contact with the portion. In the example of FIG. 6, the
rigid fasteners 675 include two posts. One of the posts is attached to the body 672 at an end
677a, and the other post is attached to the body 672 at an end 6770,

I the example shown in FIG. 6, the {orce 676 35 applied to a side 678 of the body
672, The side 678 is opposite 1o the surface 674, The force 676 15 applied along a difection
that causes the curvature of the surface 674 to change. In the example shown, the force 676
is applied at the center of the body 672 and in a direction that s paraliel 1o the surface normal
671 that extends from the center of the surface 674, By applying the force 676 at the side
678, the surface 674 15 deformed. For example, the madius of carvatare of the surface 674
may change by 1-10 microns {um} in response o the application of the force 676, The
amoant of deformation 1s determined by the amount of force applied at the side 678, Thas,
the carvature of the surface 674 may be varied by applving an appropnate about of force at
the side 678,

The optical element 634 may be used as the reflective optical glement 434 in the
optical Hthopraphy system 400 or the optical lithography system S04, In the optical system
400, the optical element 434 does not receive conwnand signals from a control system. When
used in the optical hithography svstem 400, the reflective surface 674 of the opuical element
634 15 deformed to have a particular curvature, for example, when the optical lithography
systern 400 is assembled, or during nwintenance, and the deformation 1 not purposefully
adjusted during operation of the system 400,

When used in the optical lithography system S0, the optical element 434 may recaive
the command signal 557 from the control system 338, The optical element 434 responds 1o
an instance of the command signal 557 by moving or adjusting. For example, the command
signal 357 may include information that determines how much force is to be applied to the
body 672, and the command signal 357 may be used to apply a particalar amount of force at
the side 678, The control sysiem 550 provides the command signal 357 while the system 503
is operating, and may provide an instance of the conunand signal 857 each time a pulse of
fight ts produced by the systern 305, Thus, when the optical element 634 15 used in the
optical system 305, the swrface 674 may be deformead, and may be defonmed i a different

way, for each pulse of light in the output beam 460,
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FIG. 7 shows a side view of a seflective optical element 734 in the x~y plane. The
reflective optical element 734 extends in the v direction {into andfor out of the page). The
reflective optical element 734 includes a body 772, The body 772 includes & plurality of
segments 781, sach of which has a reflective surface 774, Each reflective surface 774 may
have a different surface profile. For example, one or more of the segments 781 may have a
reflective strface with a different carvature than the reflective surfaces associated wath the
other seuments. Although the body 772 includes the segments 781, and sach segment 781

gy
{

inchudes a veflective surface 774, the body 772 and surfaces 774 are physically joined or

N s
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touching such that the reflective surface 774 does not intentionally include any discontinuities
ar regions that do not reflect light between two adjpining segments 781.

In the exaraple shown, the body 772 mncludes three segiments 781g, 781b, 781c. The
segments 781a, 781b, 781c¢ have corresponding reflective surfaces 774a, 774b, 77dc. Atleast
one of the reflective surfaces 774a, 774b, 774¢ has a different amount of carvatare than
another of the segments, In some implememntations, sach of the reflective surfaces 7744,
774b, 774¢ have a different curvature.

FIG. 815 a side view of g reflective optical element 834 m the x~y plane. The
optically reflective element 834 includes 8 body 872, The body 872 includes a plurality of
segments, each of which has a reflective surface 874, The segments are joined such that the
reflective surfaces form a continuous reflective surface that lacks regions that do not reflect
light. Inthe example of FIG. 8, the body 872 includes segments 881a, 881b, 881c. The
segments BR1a, 881¢ include respective base portions 882a, 882¢ and reflective surfaces
¥74a, 874¢. The reflective surfaces 874a and ¥74¢ are gratings. The gratings 874a and 874¢
may be identical or different. The sepment 881b is a mirvor that has a reflective suwrface
874b. The mirror may be a evlindrical mirror 881h that extends in the » direction (into andior
out of the page). The reflective surface 874b is curved. In the example of FIG. 8, the
reflective supface 874b 1s convex in the x-v plane relative to the beam 424, The reflective
surface 874 (which is the collection of reflective surfaces §74a, 874b, 874¢) 15 also convex in
the x-y plane relative to the beam 424.

The reflective optical element 834 may be used in the system 400 as the reflective
optical element 434,

FIG. 9 is a side view of g reflective optical element 934, which includes g reflective
surfzce 974, i the x-v plane. The reflective optical element 934 15 sumilar to the reflective
optical element 834 (FIG. 8), except that the surface profile of the retlective surface 974 may

be changed while the reflective optical element 934 is being ased.
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The reflective optical elerpent 934 includes a body 972 that has a reflective surface
974, The body 972 mcludes segments 9813, 981h, 9R1c, which have respective bases 9824,

982b, 982¢ and reflective surfaces 974a, 974b, 974c. The segments 981a, 981h, 981c are

joined such that the reflective surface 974 {which 1s made up of the reflective surfaces 9744,

$74h, 974¢) is a continuous reflective surface that does not include any regions that are not
optically reflective.

The reflective optical elament 934 includes flexible connectors 983, Ong of the
conmectors 883 ix batween the segments 9812 and B8 1h, and anathey flexible conpector 9831
between the segments 981b and 981c. Que of the Hexible copnvctors 983 connects the
segments 981a and 981b, and another of the Hexible connectors 983 connects the segments
981b and 981c. The flexible connectors 983 conptect the various segments on a side 978 such
that the flexible connectors 983 do not impact the surface profile of the reflective surface 974.
The flexible connectors 983 hold the segments 981a-981¢ allow the sepments 981a-081c to
move independently of each other in response to a force apphied to a particular segment.
However, the flexible connectors 983 have sufficient strength and rigidity such that the
segments 981a-981c do not move relative to each other when a force is not apphied. The
flexible connectors 983 may be, for example, grooves that are formed between the portions.
In the x-v plane, the grooves open to the side $78. The grooves may be v-shaped grooves
that open to the side 978 and taper to a point i the X~y plane toward the reflective sarface
974 (such as shown in FIG. 9). In some implementations, the grooves may be rounded
grooves that are open to the side 978 and are rounded toward the reflective surface 974
Rounded grooves may distribute mechanical stress more effectively than other types of
flexible conpectors, and may result in the reflective optical element 934 being less prone to
fracture when force is applied to one of more of the segments,

in the example of FIG. 9, the segment 981h is fixed in place by a post 973 attached to
the segment 981b at the side 978, Independent forces 976a, ¥76c may be applied to segments
981a, 981c, respectively. The forces 976a, 976¢ may be apphed using, for example, a PZT
transchucer. The lorces 976a, 976¢ wre applied in the x-v plane from the side 978, In the
example shown in FIG. 9, the forces 976a, 976b are in a divection that is toward the
respective surfaces 974a, 974e. However, the forces 976a, 9765 may be applied in other
directions i the x-y plane,

Application of the force 9763 to the segment 9813 causes the segment 981a and the
reflective surface Y74a 1o move relative o the segment 981b. Application of the force 976¢

to the segment 981¢ causes the segment 981c and the reflective surface 974¢ to move velative
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i the sepment 981c. By moving either ar both of the reflective surfaces 9744, 974¢, the tight
that 1s reflected from the swrfaces 974a, 9740 may be steered o the gain medhon 419 and
toward the bemm turning system 252,

The reflective optical element 934 mayv be used in the system 300 as the reflective
optical element 434 and the swiace profile of the reflective surface 1374 of the reflective
optical element 934 may be changed while the system 300 15 10 operabion. For example, the
surface profile of the reflective surface 974 may be changed {or each pulse of the Hght beam
424.

FIGS. 10-13 are side views of beam turning systems 1052, 1152, 1252, 13582 all of
which are examples of implemeniations of the beam turning system 452, The beam 424 that
propagates in the resonator cavity 457 may be represented by optical rays. In the examples of
FIGS. 10-13, the ray labeled 4244 1s a ray that represents the propagation of the beam 424
when the modal content of the beam has not been changed to reduce the coherence of the
beam 460, For example, the ray 4248 may arise when the reflective optical element 434 is 3
eylindrical mirvor that is not adjastable, and the beam torming optical svatem 432 i3 a comer
cube reflecior that is not adjustable and not large enough m the x-y plane to accommodate the
ray 424b.

The ray 424b is a ray that propagates through the resonator cavily 457 in a manner
that increases the {ateral modes as compared to the ray 424a. The ray 424b may arise from
using one of the reflective optical elements of FIGS. 6-9 as the reflechive optical element 434
FiG. 10 shows an example beant turning system 1052 that is not adjustable but has a
sufficiently expansive reflective surface to acvommodate the ray 424b. As discussed below,
the beam turning systems of FIGS. 11~13 are adjustable to accommodate rays such as the ray
424b. In this way, using one of the beam tuming systems of FIGS. 11~13 as the beam turning
system 452 may allow the modal content of the beam 424 to be mnereased, thereby decreasing
the coherence of the beam 424 and reducing the presence of speckle.

Referring to FIG. 10, a side view of the beam torning system 1052 is shown, FIG. 10
shows the beamn turning system 1052 i the x-v plane from the top side. The beam turning
system 1032 includes a body 1092 and 3 reflective surface 1094, The body 1092 inclades
two portions 1091a, 1091b, which extend from g vertex 1093, The portions 1091s, 109D are
angled relative to each other. In the example of FIG. 10, the portions 1091a, 1091b fomm a
right angle at the vertex 1093, However, the portions 10914, 1091b may form other angles at
the vertex 1093, The body 1092 may be a single integral component, or the portions 1091a,

109 1h may be made from two separate portions that are physically joined.
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The two portions 1691, 1091 dnclude respective reflective sourfices 1094a, 194h
The ray 424b propagates i the mediom 419 and is incident on the reflective surface 1094h,
which reflects the ray 424b toward the reflective surface 1094a. The ray 424b is reflected by
the surface 1094a and directed back in to the medium 419, The ray 424b propagates i the
medium toward the optical coupler 433 (FIGS. 4 and 5).

Referring {o FIG. 1A, a side view of the beam turning system 1152 is shown. The
beam turning system 1152 is similay to the beam turmng system 1052 (FIG. 14}, except the
beam twrning system 1152 inchades a secondary portion 1191¢, which may be positioned or
moved relative to portions 1191a, 1192b. In the example shown, the porbons 11%1a, 1191h
extend from g vertex 1193 at a right angle. The portion 1191¢ is physically connected o the
portion 1191b, bt 1s movable relfative to the portion 1191b. For example, the portions 1191b
and 1191c may be connected by a flexible portion 1183, which may be similar to the flexible
portion 983 discussed above with respect to FIG. 9.

Each of the portions 11914, 1191b, 1191¢ includes a respective reflective suifhce
1194a, 1194b, 1194¢. The reflective surfaces 1194a, 1194b, 1194c collectively forma
reflective surface 1194 of the beam turning system 1152, The reflective surface 1194 is
continuous reflective surfyce. Light from the medium 419 is incident on the reflective
surface 1194b or 11%4¢, and these surfaces reflect the mcident light to the reflective smrlace
1194a. The reflective surface 1194a directs the Light back inio the median 419 and toward
the optical coupler 433,

Referring also to FIG. 11B. the secondary portion 1191c may be positioned relative (o
the portion 1191b by moving the secondary portion 11%1¢ in the x-y plane along an arc A
while the portions 1181b, 1191¢ are connected by the flexible portion 1183, In this way, the
angle between the reflective surfaces 1194b, 119%¢ may be changed. The angle is shown as
angle B FIG, 11, By changing the angle B, Iateral mode growth in the resonator cavity 4537
may be enhanced. For example, decreasing the angle B may result in the beam torming
system 1152 being able to reflect more rays {sach as the ray 424b) that arise from addihonal
tateral modes.

The beam turning system 1152 may be used as the beam turming system 452 1o the
system 40} or the system 500, In some implementations, such as, for examyple, when the
beam turmaog system 152 s used in the systemn 400, secondary portion {191 is positioned
relative to the portion 1191b when the resonator cavity 457 is assembled or during

maintenance and the angle B i3 not intentionally changed dwring operation of the system 400,
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In some implementations, the secondary portion 1191¢ may be moved relstive to the
portton 1191b durmyg operation of an optical system that includes the beary tuming system
1152, For example, the beam turmning system 1152 nay be used as the bean tumning sysiem
452 in the system 300, In these implemeniations, the beam turming system 1152 includes an
actuator that causes the portion 1191 to move in response {o receiving the command signal
555, The actoator may be, for example, a PZT actuator that apphies a {orce to the portion
1191c to cause the portion 1191 to move along the arc A during operation of the optical
systemy. In these implementations, the portion 11 %1¢ may be moved fo a different position
along the arc A, for example, each time a puldse of light s produced. A correction to a pulse
of light is based on information from & prior pulse. The prior pulse may be any pulse that
pracedes the pulse of fight in time. For example, the prior pulse may be the pulse that
ummediately precedes the palse of fight in time, and/or a pulse that occurred before the
imnediately preceding palse.

Referring to FIG. 12, a side view of a beam turping system 1252 13 shown, The beam
furnming system inclades a base body 12924, which is positioned relative o a first wing body
1292b and a second wing body 1292¢. The first and second wing bodies 1292b, 1292¢ are
not physically connected to the base body 1292a. The first wing body 1292b is displaced
from the base body 1292a n the x and v directions. The second wing body 1292¢ 15
displaced from the base body 1292a in the x and —v divections. The beam turning system
1252 may have nurror symmetry about an axis 1213, which is paralie] to the x divection. The
base body 12924, the first wing body 1292b, and the second wing body 1292¢ inclode
reflective surfaces 12%4a, 1294b, 12%4c¢, respactively. Together, the reflective surfaces
1294, 1294b, 1294¢ form a reflective surface 1294, The reflective surface 1294 has gaps
1295 where the portions arg separated. Thus, unbike the reflective surface 1194, for example,
the reflective surface 1294 is not comtinuous.

The reflective surface 1394¢ of the first wing body 1292¢ receives the ray 424b from
the gain medium 419 and directs the ray 424b toward the reflective surface 1294b of the
second wing body 1292b. The ray 424b 1s reflected from the reflective surface 1294b, back
imfo the gain medium 419 and toward the optical coupler 433, The reflective surfaces 1294b,
1294¢ ave positioned to receive and reflect, respectively, the ray 424b. In this way, the first
wing body 1292b and the second wing body 1292¢ enable additional lateral modes to
propagate m the resonator cavity 457 as compared to a design that does not include the first
and second wing bodies 1292b, 1292¢. The beam turning system 1252 may be used as the

beam turning system 452 in the system 400,
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Referring to FIG. 13, a side view of o beam turning systeny 1352 is shown, The beam
purning systent 1352 15 the same as the beant turming system 1252 (FIG. 12), except force
1376b, 1376¢, respectively, may be applied to the first wing body 1292b and the second wing
body 1292c while the beam furning systemn 13352 is in use and mieracting with the beam 424

.
i
i

{which mclades the rays 424a and 424b). The force 1376b and the force 1376¢ may be
applied with, for example, a PZT actuator.

The beam turning systenm 1352 may be used in the system 500 as the beam turning
system1 432, The control signal 5333 (FIG. 3) may be used o controf the position of the first
wing body 1392b and/or the second wing body 1392c¢.

Referning to FIG. 14, a How chart of an exemplary process 1400 is shown, The
process 1400 may be used to control an optical system. For example, the process 1400 may
be used to control an optical system that 1s part of an optical source {such as the souwrce 103 of
FIG. 13 The process 1400 may be used with any optical system, such as, for example, the
optical system 405 or 503, The process 1400 may be used with an optical source {such as, for
example, the optical source 1035 or 205) that includes one or more optical systems. For
example, the process 1400 may be used to control the optical source 208 and/or the PA 230
of the optical source 208, The process 1400 may be used implemented in a closed-toop
control system, such as the system 500 (FIG. §). The process 1400 s discussed first with
respect to the system 300 of FIG. 3, which inchudes the optical system 303, The process 1400
may be performed by one or more electronic processors 564 of the control system 5350 while
the system 503 produces the light beam 460, The process 1400 may be performed on g pulse-
by-pulse basis such that the process 1400 is performed on a particular pulse and the
immediately subsequent pulse, or on all pulses within a subset of pulses. A subset of pulses
is any set of pulses in the beam 460, and may be composed of non-consecutive pulses.

A measored value of & property of a particular pulse of the light beam 460 15 accessed
{1410). The particular pulse may be any pulse in the light beam 460, The property 1s related
to an amount of coherence in the particular pulse. For example, the property may be g
divergence of the particular pulse along the divection of propagation or an intensity profile of
the pulse in a plane that is perpendicular to the divection of propagation of the pulse. The
measured value of the property may be oblained from the metrology module 368, which
receives a portion 531 of the light beam 464 from the oplical beam monitoring optical system
562, or from the detector 122, which is i the {thography exposure apparatus. 1n some
unplementations, the measured value of the property of the particular pulse may be accessed

from the electronic storage 566,
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The measured value of the parbicalar pulse may be measared at any point along the
propagation path of the particular polse. For example, the measored value may be the value
of the praperty outside of the cavity 457 {for example, st the optical beam monitoring optical
svsiem 5623, or the measured value mayv be a value of the property inside of the cavity 457,
in some implementations, the measured valug is obtaimed or derived from data collected by
the detector 122, which is in the ithography exposure apparatas 115, Using data from the
detector 122 may provide additional flexibility and accuracy when exposing microelectionic
featurgs that are on the edges of the wafler 120 (FIG. 1), Additionally, using data from the
detector 122 may ehiminate the need for the optical beam monttoring optical system 562,

The accessed measured value of the property 1s compared to a target value of the
property (1428, The target value of the property may be a value of the property associated
with optimal, proper, andfor acceptable operation of the optical system 505, The target value
may be stored on the electronic storage 366, The measured valoe and the target value may be
compared by, for example, subtracting the measured value and the target value to determine
an error value for the particular pulse.

A conirol signal may be generated based on the comparison (1430). A conwrol signal
nay be generated when the error value or other metne that represents the magnitude
difference between the target value and the measured value exceeds a threshold. The
threshold may encompass a range of values for the property about the target valne, Thus,
depending on the threshold, measured valies that ave close o but less than the target value or
greater than but not the same as the target value nwy not result in the generation of a control
signal, If the measured value and the target value are the same, then a controf signal is not
generated. The measured valaes may be determined from measuring the value of a property
{such as divergence or intensity) for each pulse and averaging these values. For example, the
value of the property may be measurad for each pulse in a burst of pulses and the values
averaged over the entive burst. In some implementations, the value may be measured for a
plurality of pulses {for example, a group of pulses} that s other than all of the pulses m a
burst. For example, the value may be measured for every other pulse i a burst, or for a
subset of consecutive pulses in a burst {for example, a window of pulses). In another
examyple, the value may be measured for all of the pulses in 1 first burst of pulses and for
fewer than all in the pext burst of pulses.

if a control signal 1s generated, the amount of coherence m the light beam 460 15
adjusted by modifying the optical system 405 based on the control signal to reduce the

amount of colierence in a pulse that s subsegoent to the particular pulse {1440). The
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generated control sigual naay be the control signal 357, which is provided 1o the reflective
optical element 434, andfor the control signal 335 which s provided to the beam turping
optical system 432, The optical system 405 may be modified by moving or positioning all or
a portion of either or both of the reflective optical slement 434 and the beam tuming optical
sysiem 432 based on the generated control signal.

For example, the reflective optical element 634 (FIG. 6) may be used as the element
434, and the beam turning system 1352 {FIG. 13) may be used as the beam turning svstam
432, In this example, & property of the beam 460 determined by the metrology module based
on the portion 851 recetved from the beam monitoring optical system 562, 1t is deternined
that magnitude of the difference between the value of the property of the beam 460 and the
target value of the property exceads the threshold. The command signal i1s generated, and, in
this example, the command signal inclades the command signal 335, which is provided to the
beam turning system 1352, and the command signal 557, which s provided to the reflective
optical element 634,

~
¢
£

The conmand signal 557 mcludes miormation sufficient to cause the force 676 (FIG.
6} to be apphed to the side 678 of the reflective optical element 634, The amount of force
676 to be applied may be based on the amount of the difference between the measured value
of the property and the target value, When the force 676 is applied to the reflective optical
element 634, the surface 674 moves. Because portions of the surface 674 are held by the
fasteners 675, moving the surface 674 changes the curvature of the surface 674, By adjusting
the curvature of the surface 674, the cavity 457 is modified such that additional lateral modes
are able to propagate in the cavily 457, This results in the beam 460 having a greater
divergence and less coherence,

Similarly, the command signal S35, which is provided to the beam tuming system
1352, includes information sufficient 1o cause either or both of the forces 1376h, 1376¢ (FIG.
13} to be applied to the first and second wing bodies 1392b, 1392¢, respectively. The applied
force results i the first and/or second wing bodies 1392h, 1392¢ moving relative to the base
body 1392a. By moving the first wing body 1392b and/or the second wing body 1392¢, the
cavity 457 may be further modified to accommodate additional lateral modes, and the
coberence of the beam 460 15 decreased.

Additionally, when a control signal is generated, the value of the property may be
measured again after the optical system 505 is moditied based on the control signal to obtain
a new valae of the property. The new valae of the property 1s compared to the target value, If

the magnitude of the difference between the new value of the property and the target valoe
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still exceeds the threshold, a second command signal is generated and the optival system 503
is further nodified. The process of measuring the value of the property after applying a
generated control signal 1o the optical system 305 miay be repeated. In some
implementations, the process of measuring the property afler applying a generated control
signal may be repeated untyl the magnitude of the difference belween the target value and the
measured value 1s below the threshold, indicating that the coherence of the beam 460 is less
than an accepiable amount. In some implementations, the value of the property may be
measared, and a control signal may be penerated and provided to the optical system 503 for
each pulse in the beam 460,

if & control signal 1s not generated, then the measured value of the property 1s close to
or equal {0 that of the target value. When the measured value of the property s close o or
equal to that of the {arget value, the optical sysiem 505 may be operating as expected,
optimally, or acceptably and the beam 460 may have a relatively low amount of noise in the
form of speckle. Thus, when a control signal is not generated, the value of the property may
be a value that can be used as a target value at the particular operating conditions of the
optical system 5035, The operating conditions may inclade, for example, temperature in the
cavity 4537, pressure in the cavity 487, repetition rate, duty cycle, hfetime accumulated pulse
count for the cavity 457, accumulated pulse count for the cavity 437 since the most recant gas
wjection, and {otal howrs of operation. The value of the property when the command signal 3s
not generated may be stored in the electronic storage it associated with one or more
parameters that indicate the operating conditions. The operating parsmeters may include one
or more of the temperature, the repetition rate, the duty cyale, 8 positioning of the reflective
optical element 434 andfor the beam turning optical systems 452, and an amount of force
applied to the reflective optical element 434 and/or the beam tuming optical system 432, The
stoved value may be used as the target value in future instances of operating the optical
system 505 under the same conditions.

In this way, in addition being able 1o adjust the coberence of the beam 460, the
process 1400 also may prove the performance of the opuical system 503 by gllowing the
optical system 303 to quickly be adjusied to perform optimally under a wide range of
operating conditions. For example, by storing parameters related {o the measured value of
the properiy at different repetition rates, the optical system 305 way rely on these swred
valugs to quickly adapt to producing low coherence pulses afler receiving a command signat
553 from the hthography exposure apparatus 115 or a command through the /0 interface 367

from an operator fo change the repetition mte of the beam 460.
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Referring to FIG. 13, a low chart of an example of a provess 133} for controtling an
optical system is shown. The process 1300 may be used to buplement closed-oop control of
ar optical system to monitor the coherence of an optical beam produced by the optical system
{or an optical beam produced by an optical source that includes the optical svstem) to ensure
that the coherence does nof add excesstve noise in the form of speckle to the optical beam.
The process 1500 modifies an aspect of the optical system to reduce the coberence when the
amount of cohergnce exceads a predetermined amount. For example, the process 1500 may
modify a physical property of an optical element in the optical svstem.

The process 15300 may be used with any optical source, such as, for example, the
optical source 103 or 205, The process 1400 may be used with an optical source (such as, for
exanple, the optical source 103 or 203) that includes one or more optical systems. For
example, the process 1400 may be used (o control the optical source 205 andfor the PA 230
of the optical source 203, The process 1400 may be used with the optical system 403 or 305,
The process 1500 is discussed with respect to the svstem 300 of FIG. 5. The process 1500
may be performed by one or more elecironic processors 564 of the control system 330 while
the system 500 produces the light beam 460. The process 1500 may be performed on a pulse-
by-pulse basis such that the process 1500 is performed on g particular pulse and the
immediately subsequent pulse, or on all pulses within a subsat of pulses, where the subset of
mudses Is any set of pulses in the beam 460,

A vatue of a property of the optical beam 460 is obtained {1516}, The optical beam
464 1s a pulsed optical beam produced by the opuical system 505 The property may be any
property that is related o an amount of coherence in the light beam 460, or any property from
which the amount of colierence of the light beam 460 may be derived or deternuned. For
example, the property may be a divergence of the light beam 460 or a value that characterizes
the intensity profile of the light beamn 460 in a plane perpendicular to the divection of
propagation of the light beam 460, In some implementations, the obiained value 15 oblained
when the optical systemn SO5 is performing ot least as expected and perbaps s performing in
an wdeal or optimal fashion. Thus, in these implementations, the obtained values may be
values that correspond to an acceptable amount of coherence being present in the beam 46{.

The value of the propesty is obtained at wore thao one operating condition of the
optical system 305, An operating condition of the system 305 15 defined by one or more
parameters, such as temperature andfor pressure in the cavity 457, the repetition rate of the
beam 4644, the daty cvele of the beam 460, and statas information velated to an optical

element that inchudes an optical surface that interacts with the beam 424 in the cavity. The
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optical element may be, for example, any of the reflective optical elements 634-934 (FIGK. 6+
Q¥ or the beam turming optical systems 1082-1332 (FIGS. 1013}

The status information related 1o the optical element may be any mformation that
indicates how the optical surface of the optical element interacts with the light that propagates
i the cavity 437, For example, the status miormation may indicate a posttion of the optical
surface relative to the beam 424, relative 1o other portions of the optical element, snd/or
relative {0 other optical elements iy the cavily. The status information may be an indication
of an orientation of the optical surface relative to the light that propagates in the cavity 437,
For example, the status information may include an angle of the optical surface velative to the
fonghudinal axis 413 (FIG. 5B} of the cavity or to & portion of the closed path 443, For
optical elements that include an optical surface that moves in response (o application of 3
force, such as the optical element 634 (FIG. 6), the optical element 934 (FIG. 93, the beam
turning optical system 1152 (FIG. 1), and the beam tuming opticad system 1332 (FIG. 13},
the states information may include an amount of force that is applied (o the optical element,

The obtained value of the property and the status information are stored in the
electronic storage 366 for each operating condition (1520}, The obained value of the
property and the gmount of applied foree are stored in association with parameters that define
the operating condition. The obtamed value of the property and the amount of applied force
may be stored in a look-up table that is wdexed by the operating condilion parameters. In
some implementations, the oblained valoe of the property and the amount of applied force are
stored in # database that is indexed by the operating condition parameters.

The optical system 345 is operated at a current operating condition {1530). The
optical system 303 may be considered o be operating when the beam 460 is being produced.
The current operating condition is defined by the operating parameters of the optical system
{such as the repetition rate of the beamn 460 and the temperature of the pamn medium 419) and
status information of the optical element while the beam 460 18 bemg produced. The current
operating condition may be a condition that s the operating condition for any namber of
pulses in the beam 400, For example, the opersting condition may apply to all of the pulses
in a barst of pulses, for a plurality of bursts, or for a single pulse. For example, the repetiion
rate of the beam 460 may deline the operating conditron of the optical system 505

An indication of a change in the current operating condition is received {1540). The
indication of a change ncludes a new value of one or more operating paranteters of the
optical system 303, For example, the indication of a change may wclude a new repetition

rate for the beam 460, Thus, i this example, the new value is o sew repetition rate. The
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indication of a change may be received from the lithography exposure apparatus 1135 via the
command sigual 353, Thus, the lnhography exposure apparatus 115 may command that the
optical system 503 change one or more of the parsmeters such that the optical system 503 has
a new operating condition. The indication of the change in the current operating condition
may be received from an operator of the sysiem 300, For example, the operator may enter
the parameters associated with the new operabing condition divectly mto the VO interface 5367

Status information related (o the optical element and associated with the now value of
one or more of the operating parameters is deterntined {1330}, The statos iformation
associated with the new value way be determined front the data stored 1n (1526). For
example, the new value may be a new repetition rate, and the status iformation related to the
optical elentent that is associated with the new repetition rate may be retrieved from the
stoved data. I the stored data does not include staius information for the new value, status
information associated with vahues of the parameter that are most similar fo the new value
gy be used o estimate the status information for the new value. For example, if statos
mformation related to the optical element ix known for several repetition rates gregter than
and less than the new repetition rate, the status information related to the optical element may
be estimated from the status information that is available. For example. the statas
information may be tip-ult information that describes the position of the optical surface at
several different repetition rates. The tilt is the amount of deviation in the direction of
propagation provided by the optical surface, and the tp is a direction that is orthogonal to the
tilt. The up-tilt information may be averaged or it to a polynomial to estimate the tip-tilt
values for the new repetition rate.

A conunand signal based on the deternuned status information s applied to the
aptical element (1560). The command signal may be, for example, the command signal 55§,
which is provided to the beam turning optical system 432, andfor the command signal 357,
which is provided to the reflective optical element 434, Applying the command signal to the
optical element may canse the optical surface of the optical element 434 to move in
accordance with the command signal. For example, the command signal may be sufficient 1o
drive a PZT actuator that causes the optical surface 1o move relative to other elements in the
cavity 437 or to have a different curvature,

In some implementations, another value of a property of the Hght beam 460 is
obtained after the command signal is provided to the optical element to determine whether
the coherence of the beam 460 has been reduced as a result of applying the command signal

to the optical element. The obtained other value way be compared to a value of the property
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is pot indicattve of an acceptable amount of colerence, additional command signals may be
applied and the value measured until the value of the property is indicative of an acceptable
amount of coherence. For example, the additional conunand signals may have the effect of
causing the optical element o be dithered about the imitial postiion until the optical surface s
positioned such that the value of the property indicates an acceptable amount of coherence
the beam 460.

When the value of the property indicates an acceplable amount of coberence i the
beam 460, the status nformation related 1o the optical element may be stored i the electromic
stovage 566, For example, the status information may replace or update the status
information that was previously stored in association with the operating condition in the look-
up table or database. In {his way, the process 1500 allows adaptation to changing
circumstances that can affect the performance of the optical system 3035 in a given operation
condttion. For example, components, such as the reflective optical element 434, the beam
turming optical system 452 andfor the medium 419 may degrade over time such that the
previcusly deternined status information for a given operating condition becomes maccuorate.

1 the process 1500, (1510) and (1520} may be porformed st g different time using the
system 303 than {1336-1560). In other words, the stored data that associates the status
information of the optical element and the operating vonditions may be crested a prior and
used at a later time to operate the systern 505, The stored data may be wsed repeatedly.
Additionally, as discussed above, the stored dats may be updated to account for changing
circumstances of the system 503,

Other implementations are within the scope of the claims,
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WHAT IS CLAIMED IS:

1. A method of controlling an optical system, the method comprising:

accessing a measured value of a property of a particular pulse of a pulsed light beam
emitted from the optical system, the property being related to an amount of coherence of the
light beam;

comparing the measured value of the property of the light beam to a target value of
the property;

determining whether to generate a control signal based on the comparison; and

if a control signal is generated based on the comparison, adjusting the amount of
coherence in the light beam by modifying an aspect of the optical system based on the control
signal to reduce an amount of coherence of a pulse that is subsequent to the particular pulse;
and

determining an operating condition of the optical system, the operating condition
being associated with one or more operating parameters; and

if a control signal is not generated based on the comparison, declaring the measured
value of the property of the light beam as a desired value of the property for the determined

operating condition.

2. The method of claim 1, wherein the property of the light beam comprises a

divergence of the light beam.

3. The method of claim 1, wherein the divergence of the light beam is measured outside

of the optical system.

4. The method of claim 1, wherein the pulse that is subsequent to the particular pulse is a

pulse that immediately follows the particular pulse.

5. The method of claim 1, wherein adjusting the amount of coherence in the light beam
by modifying the value of the property of the light beam based on the control signal

comprises applying the control signal to an optical element of the optical system, the optical
element comprising an optical surface that interacts with the light beam in the optical system

to at least partially determine the value of the property of the light beam emitted from the
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optical system, the application of the control signal being sufficient to move the optical

surface.

6. The method of claim 5, wherein the application of the control signal being sufficient

to move the optical surface comprises the application of the control signal being sufficient to
change the shape of the optical surface, change the position of the optical surface, change the
angle of the optical surface relative to a direction of propagation of the pulsed light beam, or

change a curvature of the optical surface.

7. The method of claim 5, wherein the optical surface comprises a plurality of portions,
and application of the control signal is sufficient to move at least one of the plurality of

portions of the optical surface relative to at least one of the other portions.

8. The method of claim 1, wherein declaring the measured value of the property of the
light beam as a desired value of the property for the determined operating condition
comprises storing data comprising the measured value in association with the operating

parameters of the operating condition.

0. The method of claim 8, wherein the operating parameters comprise one or more of a
pressure of a gain medium of the optical system, a temperature of a gain medium of the
optical system, a repetition rate of the light beam emitted from the optical system, and an
amount of force applied to an optical element comprising an optical surface that interacts
with the light beam in the optical system to at least partially determine the value of the

property of the light beam emitted from the optical system.

10. The method of claim 9, further comprising:

receiving an indication of a change in the operating condition of the optical system to
a current operating condition;

determining the desired value of the property for the current operating condition from
the stored data; and

setting the target value to the determined desired value.
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11. The method of claim 10, wherein the indication of a change in the operating condition
of the optical system comprises an indication of a change in the repetition rate of the light
beam emitted from the optical system to a new repetition rate, and

the indication of the change in the repetition rate is received from lithography

exposure apparatus that receives the light beam from the optical system.

12.  The method of claim 1, wherein accessing a measured value of a property of a light
beam comprises measuring the value of the property of the light beam at a first time, and
further comprising:

measuring the value of the property of the light beam at a second time, the second
time occurring after the first time and after adjusting the amount of coherence in the light
beam;

comparing the value of the property of the light beam at the second time to the target

value; and

determining whether to generate a second control signal based on the comparison.
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