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WAFER-BASED LIGHT SOURCE PARAMETER CONTROL

TECHNICAL FIELD
The disclosed subjsct matter relates to wafer-based light source parameter

gontrol,

BACKGROUND

Photolithography is tha process by which semiconductor cireuitry is patterned on
a subsirate such as a silicon wafer, A photolithography light source provides the deep
ulfraviolet {DUV) light used to expose a photoresist on the wafer, DUV light for
photolithography is generated by excimer light sources. Often, the fight source is a laser
source and the pulsed light beam is a pulsed laser beam, The light beam is passad
through a beam delivery unit, filtered through a reticle (or mask}, and then projected
onto a prepared silicon wafer. in this way, a chip design is palterned onto a photoresist

that is then eiched and cleaned, and then the process repeats.

SUMMARY

In sorme genera! aspects; a photolithography method includes instructing an
optical source to produce a pulsed light beam; scanning the pulsed light beam across 4
wafer of a lithography exposive apparatus 1o expose the wafer with the pulsed light
heam; during scanning of the pulsed light beam across the wafer, recaiving a
characteristic of the pulsed fight bsam at the wafer; receaiving a determined valug of a
ohysical praperty of a wafer for a particular pulsed light beam characteristic; and based
on the pulsed light heam characteristic that is received during scanning and the
received determined value of the physical property, modifying a performance paramster
of the pulsed light beam during scanning across the wafer.

Implementations can include one or more of the following features. For example,
the determinad value of the physinal property can include an error in the physical
vroperty of the wafer. The physical property can be one or more of a contrast of a
feature formed on the wafer, a oritical dimension at a wafer area exposed to the pulsed
light beam, a photoresist profile al a wafer area exposed to the puised light beam, an
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averlay between layers formed on the wafer, and a side-wall angle at a wafer area
axposed to the pulsed light beam.

The determined value of the physical property of the wafer for a particular light
beam charagcterisic can be received by receiving a set of defermined values of the
physical properly for a wafer that has been previously exposad by the light beam of the
optical source for a setof light beam characteristics on the previously-exposed wafer.

The characteristic of the light beam at the wafer can be received during scanning
of the pulsed light beam across the wafer by receiving a location at which the light beam
axposes the wafer.

The characteristic of the light beam at the waler can be received dwing scanning
of the pulsed light beam across the wafer by receiving an energy of the light beam as it
gxposes the wafer.

The performance parameter of the pulsed light beam can be maodified by
modifying a target performance parameter of the pulsed light beam, The method can
further include receiving a measurement of the performance parameter of the pulsed
light beam: determining whether the measured performarnce parameter matches the
modified target performance parametsr; and if it is determined that the measured
performance parameter does not maich the madified target performance parameter,
sending a signal to the oplical source to modify the performance parameter of the
puisad light beam.

The light beam characteristic al the wafer can be received by receiving a control
signal from the lithography exposure apparatus o the optlical source; and determining
the fight beam characteristic at the wafer based on the received control signal.

The methad can include determining a modification to the performance
parameter of the pulsed light beam. The modification to the performance parameter of
the pulsed light beam can be determined by gocessing a slored set of performance
parameters as a function of ight beam characteristics at the wafer; selecting the value
for the performance parameter within the accessed set that corresponds to the received
characteristic of the light beam at the current wafer; and comparing the selected value
of the performance parameter with a current value of the performance parameter of the

pulsed light bearm. The method can include, ¥ the selected value of the performance
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parameter does not match the current value, then determining that the currentd
serformance parameter needs to be adjusted to malch the selected value,

The determined value of the physical properly of the wafer for the particular light
beam characteristic can be received by selecting the value of the physical property of
the wafer for the particular light beam characlsristic based on the received characteristic
of the light beam.

The determined value of the physical property of the wafer can be received by
receiving & set-of measured physical properties of the wafer at a set of light beam
characteristics at the waler. The method can also include, for sach light beam
characteristics at the wafer in the set, determining a performance parameter of the
puilsed light beam based on the measured physical property; and storing the determined
sarformance parameter at each light beam characteristic within the set.

The pulsed light beam can be scanned across the waler by scanning the pulsed
fight beam across 3 field of the wafer, the field being a fraction of the {olal area of the
wafer exposed; and the characteristic of the light beam can be received by receiving the
charactaristic during the scanning across the fisld.

The performance parametsr of the pulsed light beam can be modified by
modifying one or more of g spectral feature, an error of a spectral feature, an enargy of
the pulsed ight beam, a dose of the puised light beam, an error in a wavelength of the
oulsed light beam, a handwidth of the pulsed light beam, and a speciral shape of the
pulsed light beam,

The method can include carrecting errors in patterning at the wafer based on
modifying the performance paramaster of the pulsed light beam. The errors in the wafer
patterning can be corrected without modifying the lithography exposure apparatus. The
grrors in the wafer patterning can be corrected without modifying optical features or
componants within the lithography exposure apparatus.

The parformance parameter of the pulsed ight beam can be modifiad by
modifying a spectral feature of the pulsed light beam, and the method can includs
generating an estimate of a spectral feature sach time the light beam characteristic is

reosived,

3
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The light beam characteristic can be received at sach fleld of the wafler, the field
being a fraction of the total area of the wafer exposed and that area of the waler thatis
gxposad in one scan of an exposure window.

The puised light beam can be produced by perturbing a spectral shape of the

5 pulsed light beam on a pulse-to-pulse basis. The spectral shape of the pulsad light
beam can be perturbed on a pulse-to-pulse basis by shifting a central wavelength of
each pulse of the light beam from a baseline wavelength In a predefined repeating
pattern. The performance paramster of the pulsed light beam can be modified by
maodifying how much the central wavelength of each pulse of the light beamn is shifted

16 from the baseline wavelength. '

The method can also inciude, before scanning the wafer: measuring the physical
property within a scan at each exposure figld of one of more previcusly exposed wafers;
and crealing a table that correlates sach measured physical properly for each exposure
fiald across an entire wafer that is eoposed with the pulsed light beam. The determined

15 value of the physical property can be received by recelving the measured physical
property for the current exposure fisld from the created table. The light beam
characteristic can be received by recelving a detection of a start of an exposure of the
wafer; and receiving a datection of an end of the exposure of the wafer,

In other general aspects, a photolithography system includes an optical source

20 that produces a pulsed light beam; a set of optical components that direct the pulsed
ght beam to a wafer of a photolithography exposure apparatus to thereby expose the
wafer with the pulsed light beam; a scanning optical system within the lithography
exposure apparatus configured {o scan the pulsed light beam across the wafer a
monitering module within the lithography exposurs apparatus that oulputs 8

characteristic of the pulsed fight beam at the wafer during scanning of the wafer; a

™o
£
i

correlation moduls that receives a set of measured values of a physical property for a
wafer for a set of pulsed light beam charactaristics at the wafer and outputs a
covrelation between a farget performance parameter of the pulsed light beam and the
ouised light beam characteristic al the wafer based on the received determined values;
30 g performance parameter module connected o the monitoring module to receive the

output of the pulsed light beam characteristic at the wafer and to the carrelation module

4
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to receive the correlation recipe and configured o putput a value for the performance
parameter based an the received light beam characteristic and the correlation recipe,
and an optical source module connected {o the performancs parameter modue {o
receive the outputted value for the performance parametar and connected to an optical
source actuation system that actuates one or more physical features of the oplical
source o madify one or more performance parameters of the optical sburce basead on
the raceived culputied vaius,

implemantations can include one or more of the following features. For example,
the photolithography system can also include a metralogy module that includes a wafer
holder that receives one or more wafers; and a detection system that measuras the
physical property of the water for each light beam characteristic at the wafer and
outputs the measured physical property for each light beam characteristic al the waler.
The correlation module can be connected to raceive the output from the metrology
maodule and to create the correlation recipe based on the output from the melrology
madule. The ight beam characteristic at the wafer can include 2 location of the pulsed

fight beam as it exposes the wafer.

DESCRIPTION OF DRAWINGS
Fig. 1 is a block diagram of a photolithography system including a lithography
exposure apparatus and a metrology apparatus,
Fig. 2A is a block diagram of an examplary lithography exposure apparatus of the

4
i
iy

systern of Fig.

Figs. 28 and 2C are block diagrams of the exemplary lithography exposure
apparatus of Fig. 2A showing exemplary steps during exposure,

Fig. 3 is a graph of exemplary signals versus time that are produced by an
internal controfler of the fithography exposure apparatus of Fig. 1

Fig. 4 is a graph of an exemplary optical spectrum produced by a fight source of
the photolithography system of Fig. 1,

Fig. 5 is a binck diagram of an exemplary light source of the photlolithography

system of Fig. 1;
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Fig. & is a block diagram of an exemplary performance parameter syster of the
nhotolithography system of Fig. 1;

Fig. 7Ais a block diagram of an exemplary performance parameter module of the
performance parameter system of Fig. 6;

Fig. 7B is a block diagram of sxemplary components of the performance
garameter madule of Fig. 74A;

Figs. 84 and 8B are block diagrams of exemplary monitoring modules that can
be usad in the lithography sxposure apparatus of Fig. 1;

Fig. 8 is a block diagram of an exemplary control system of the photolithagraphy
aystem of Fig. 1;

Fig, 10 shows an exemplary list that is received by a correlation module within
the control systam of Fig. 9 and an exemplary list that is oulput by the correlation
module;

Fig. 11 is a diagram of an exemplary wafer that can be imaged using the
phaotolithography system of Fig. 15

Fig. 12 is a flow chart of a procedure for adjusting physical properties at the
wafer by adjusting performance output from the light source of the photelithograghy
system of Fig. 1

Fig. 13 is a flow chart of a procedure for determining whether and how to modify
a performance parameter of the light beam based on the received characteristics of the
light baarm at the wafer and the measured physical property of the wafer for the
particutar light beam characteristic;

Fig. 14 is a flow chart of a procedure for modifying the performance parameter of
the light beamy,

Fig. 15A is a graph showing how the light beam performance parameter
{bandwidth) is controlled using the procedure of Fig. 12;

Fig. 15B is a chart showing how a measured physical property on the wafer
varies as the bandwidth is modified at each field;

Fig. 18 is g set of graphs, the fop graph showing how a light beam performance

parameter is varied for sach slit number using the procedure of Fig. 12 and the bottom

&
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graph showing the fight beam performance parameter which is not varied using the
procedure of Fig, 12;

Fig. 174 is a graph showing how the light beam performance parameter {energy)
i3 controlfled using the procadure of Fig. 12;

Figs. 17B-17D are charts showing how a measured physical properly on the
wafer varies as the bandwidth is modified at sach field for distinct respective ranges of
bandwidth;

Fig. 18 is a graph showing how the light beam performance parameter
{wavelength error) is varied for-each field number of the wafer using the procedure of
Fig. 12;

Fig. 19 is a graph showing how the light beam performance parameter
{wavelength error) is varied for each pulse of the light beam at the wafer using the
procedurs of Fig, 12;

Figs. 20A and 20B are respective graphs of spectral shapes of the light beam
taken at distinct locations or times during exposure of the wafer with the light beamy;

Fig, 21 is an exemplary wafey map in which a phase of the optical spactrum of
the light beam iz modified to thereby modify the spectral shape of the ight beam on a
fisld-to-field basis; and

Figs. 22A and 228 are graphs showing how a physical property {critical
dirnension) of the wafer varies versus a performance parameter {a focus) of the light

haam.

DESCRIPTION
Referring to Fig. 1, a photolithography system 100 includes an optical {or light)
source 105 that directs a pulsed light bean 110 to a wafer 120, The photolithography
system 100 also includes a lithography exposure apparatus 115 thal receives the wafer
120, and a control system 185 connected to the lithography exposure apparatus 115
and to the light source 105, The fithography exposure apparatus 115 includes a
scanning optical system 125, a monitoring module 140, and an internal controlier 117,

The monitoring moduls 140 detects or measures a characteristic (for example, a

SUBSTITUTE SHEET (RULE 26)



10

15

20

£

WO 2014/200821 PCT/US2014/041176

location) of the pulsed light beam 110 at the wafer 120 while the wafer 120 is being
exposed {o the pulsed light beam 110,

The photolithography system 100 includes a metrology apparatus 145 that
includes a wafer holder 122 that receives a wafer 120 and a detection system 1588, In
some implementations, the wafer holder 122 recelves one or more previously exposed
watars 120. In other implementations, the wafer holder 122 also holds the wafer 120
while the light beam scans the wafer 120, and, thus, in these implementations, the
metrology apparatus 145 enables realdime (thatis, during the exposure of the wafer)
matrology.

The detection system 155 measures a physical property of the wafer 120 that
corresponds to a particular light beam characleristic at the wafer. For example, the
physical property of the wafer 120 van be a contrast of a physical feature formed on the
wafer during lithography, a critical dimension at 8 wafer area exposed to the light beam
110 during lithography, a photoresist profile at a waler area exposed to the light beam
110 during lithography, an overlay of each layer formed on the wafer during lithography,
or a side-wall angle of a feature ol & waler area exposed to the light beam 110 during
fithography. For example, the light bsam characteristic can be specific locations at
which the light beam exposes the wafer 120 during lithography. In this example, the
detaction system 155 measures the physical property for each wafer location at which
the light beam exposes the wafer. The deteclion systern 155 outpuls a set of data 160
that includes one or more measured physical properties for each light beam
characteristic at the wafer. The number of light beam characleristics at the wafer that
are measured by the detection system 155 can be selected based on the amount of
control desired or can be based on the specific physical property thatl is measured.

The oonirol system 185 recsives the output 180 of the measured physical
property for each light beam characteristic at the wafer from the detection system 155 of
the metrology apparatus 145, Based on this received information, the control system
185 can determine whether there are erors in the physical shape of a previously-
processed {using the photolithography system 100} wafer 120 for each light beam
characteristic on the wafer 120 and can determing how to adjust a performance

parameter of the pulsed light beam 110 to compensate for these errors in the waler
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shape. O, the control system 185 can determine how fo adjust the performance
parameter of the light beam 110 to adjust the wafer shape. The wafer shape is the
geomelric pattern formed on the wafer 120 due to the patierning thatl happens while the
wafer 120 is exposed to the light beam 110. Thus, the geometric pattern can be & series
of engravings in the wafer or a series of depoasitions of new material in a desired
pattarn, and this geometric patiern is uniguely shaped o enable the use of the wafer
and chips formed from the wafer,

Other camponents of the photolithography system 100, such as a performance
paramster system 180 and one or more measurement systems 180, are connected to
the control system 185, Far examiple, the performance parameter system 150 can
include a spectral feature module that receives a light beam from the light souwrce 105
and that finely tunes the spectral oulput of the lioht source 105 based on the input from
the control system 185, The one or more measurament systems 180 measurs
properties such as, for exampie, speciral features (such as handwidth and wavelength),
or anargy, of the light beam 110 that is output from the light source 105,

During scanning of the current waler 120 in the lithography exposurs apparatus
115, the control system 185 recelves information 165 representative of how the light
hearm 110 scans the waler 120 from the monitoring module 140. This informationis a
characteristic {such as a spatial location or energy) of the light beam 110 as i exposes
the wafer 120, For example, the information can be used to determine the location at
which the fight beam 110 is exposing the wafer 120,

The control system 185 uses both the information 165 from the monitoring
module 140 and the output 180 from the detection system 155 to determine how to
modify one or more optical performance parameters of the pulsed light beam 110
produced by the light source 105, In this way, the variation or perturbation of the cne or
more optical performance parameters of the pulsed light beam 110 can be used to
thareby modify a physical property or an grror in the physical property of the wafer 120
that persistently occurs during scamning of the wafer within the lithography exposwre
apparatus 115,

Recause of this, the light source 105 can be driven on an intra-wafer (for

axample, fisld-to-field) or intra-field {for example, slit-to-siit) basis while it is exposing the

9
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wafer 120 and without making changes o the lithography exposire apparatus 115, The
disclosed technigue can enable realdime arbitrary spectrum generation on a wafer-{o-
wafer, field-to-field, or slit-to-slit basis. This can enhance the capability and flexibility of
wafer exposure and data logging.

Referring also to Fig. 2A, a discussion of the exposure of the wafer 120 is
provided. The controller 117 controls how layers are printed on the wafer 120 by
providing commands to the light source 105 (for example, through the control system
185} to supply a light bsam 110 with specific characteristics and timing.

The lithography exposure apparatus 1158 inclides a stags 220 on which the
wafer 120 is carried fo enable the wafer 120 to be moved during exposure from the light
heam 110, The lthography exposwre apparatus 118 includes an optical arrangemert
210 that includes an Hluminator system having, for example, one or more condenser
lenses, a mask 234, and an ohiective arrangament 232, The mask 234 is movable
along one or more directions, such as along an optical axis 238 of the fight beam 110 or
in a plane that is parpandicular to the optical axis 238. The objective arrangement 232
includes a projection lens and snables the Image transfer to ocour from the mask 234 to
tha photoresist on the wafer 120. The lheninator system also adjusts the range of
angles for the light beam 110 impinging on the mask 234,

The “field” refers fo an exposure fleld 210 of the wafer 140, and the exposwe
field 210 is the area of the wafer 120 that is exposed in one scan of an exposure slit or
window 200, and the exposure window 200 is the iiluminated area of the wafer 120 that
is exposed in one ffumination dose. The number of pulses of the light beam 110 that
fluminate the same area {exposure window) is controlled by exposure one or more
axposure slits within the lithography sxposure appsratus 115,

During exposure, the wafer 120 is iradiated by the light beam 110, A process
program or recipe determines the length of the exposure on the wafer 120, the mask
234 that is used, as well as othey factors that affect the exposure.

The controller 117 controls how lavers are printed on the wafer 120 by providing
sommands to the light source 105 {for example, through the conirol system 185} to
supply a light beam 110 with specific characteristics and timing. In particular, the

10
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gontrolisr 117 controls when the light source 105 emits a pulse or a burst of puisas by
sending one or more signals to the light source 105,

Thus, in the sxample in which the light beam characteristic at the wafer 120 is
the location at which the light beam sxposes the wafer 120, then the detection system
155 can measure the physical property of the wafer for each field, for eacty siit, or fora
certain numbaer of pulses of the light beam; so that the number of wafer locations can be
as low as 1-10 locations per wafer field or 1-10 locations per wafer, and as high as 100-
200 locations per wafer field {or can be on a per-siit basis or a par-pulse basis}.

For example, and with reference to Fig. 3, the controller 117 can be configured to
send a wafer exposure signal 300 to the light source 105 that tells the light souwrce 106
to starl @ wafer exposure when it determines that a new wafer 120 has been placed on
the stage 220. The wafer exposure signal 300 can have a high value 305 {for sxample,
an integer such as 5) while the wafer is being exposed and can switch to a low value
310 {for example, 0) at the end of the wafer exposure. Additionally, the controller 117
sends a gate signal 315 {o the light scurce 105! the gate signal 315 has a high value
320 {for example, 1) during an entire burst of a pulses and a low value 325 {for
example, 0} during the ime between bursts. The number of pulses in a burst can be the
same number of pulses of the light bsam 110 that fluminate the same exposure window
and thus can be the same as the field. In some implementations, the value of a burst {or
field) is in the hundrads, for example 100-400 pulses. The controller 117 also sends a
trigger signal 330 to the fight source 105; the trigger signal 330 has a high value {for
example, 1) for sach pulse of the fight sowrce 105 and a low value (for exampte, 0} for
the time between each successive pulses,

During lithography, the plurality of puises of the light beam 110 #luminate the
same area of the wafer 120 to form the Humination dose. The size of the slit 200 is
controlied by an exposure slit 205 placed before the mask 234, The slit 205 can be
designed like a shutter and can include a plurality of blades that can be opened and
closed; and the size of the exposed area is then determined by the distance hetween
the blades in the scanning and non-scanning direction, In some implementations, the

value of N is in the tens, for example, from 10-100 puises, from 10-70 pulses, or from
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10-50 pulses. In other implementations, the value of N is in the hundreds, for example,
100-400 puises.

One or more of the mask 234, ihe objective arrangement 232, and the wafer 120
can be movad relative to each other during the exposure to scan the exposurs window
200 across the aexposure field 210, For example, Figs. 2B and 2C show two exemplary
steps in the scanning.

Cptical performance parameters of the pulsed light beam 110 include the energy
of the light beam 110, spectral properties of the light heam 110, such as the wavelength
or bandwidth, and errors in the energy or spectral praperties of the light beam 110, A
discussion of the speciral properties of the light beam 110 and the light source 108
follows.

Referring to Fig. 4, the optical spectrum {or emission spectrum;} 400 of the pulsed
fight beam 110 produced by the light source 105 containg information on how the optical
energy or power is distiibuted aver different wavelengths. The optical spectrum 400 of
the light heam 110 is depicted in the form of & diagram where the spectral intensity 405
{not necessarily with an absolute calibration) s plotted as a function of the wavelength
ar aptical frequency 410, The optical spectrum 400 can be referred to as the spectral
shape or intensity spectrum of the light beam 110. Spectral properties or features of the
light beam 110 include any aspect or representation of tha intensity spectrum, For
example, bandwidth is a spectral feature. The bandwidth of the light beam s a measure
of the width of this spectral shape, and this width can be given in terms of wavelength or
frequency of the laser light. Any suitable mathematical construction (that is, melric)
related to the details of the optical spectrum 400 can be used to estimale a value that
characterizes the bandwidth of the light beam. For example, the full width of the
spectrum at a fraction {(X) of the maximum peak intensity of the spectral shape (referred
to as FWXM) can be used o characterize the light beam bandwidth. As another
example, the width of the spectrum that contains a fraction (Y} of the integrated spectral
intensity (referred to as EY) can be used to characterize the light beam bandwidth.

Referring to Fig. 8, an exemplary light source 505 is 3 pulsed laser source that
produces as the light beam 110 a pulsed laser beam. As shown in the axample of g,

5, the light source 505 is a two-stage laser system that includes a master oscillator
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(MO} 500 that provides a seed light beam 502 to a power ampiifier (PFA) 510, The
master oscillator 500 typically includes a gain medium in which amplification ocours and
an optical feadback mechanism such as an optical resonator. The power amplifier 510
typically includes a gain medium in which amplification occurs when seaded with the
sesd lager beam from the master oscillator 500. I the power amplifier 510 is designed
as a regenarative ring resonator then itis described as a power ring amplifier (PRA} and
in this case, enough optical feedback can be provided from the ring design. The master
oscilfator 500 enables fine tuning of spectral parameters such as the center wavelangth
and the bandwidth at relatively low output puise energies. The power amplifier 510
receives the oulput from the master oscillator 500 and amplifies this cutput to attain the
necassary powers for output fo use in photolithography.

in this example, the performance paramster system 150 includes a spactral
feature selection module 551 and the one or more measurement systems 180 include
measurement systems 580" and 5807, which are connecled to the contrad system 185,
The measurement system 580 is a line center analysis module (LAM) that receives an
output from the output coupler 5156,

The master osciilator 500 includes a discharge chamber having two eiongated
electrodes, a laser gas that serves as the gain medium, a fan for circulating the gas
netween the electrodes, and a laser resonator s formed between the speciral feature
selection system 550 on one side of the discharge chamber and an output coupler 515
on a secand side of the discharge chamber. One or more beam modification optical
systems 525 modify the size andfor shape of the lasey beam as needed. The line center
analysis module 580" is an example of a type of measurement system 180 that can be
ysed to measure of monitor the wavelength of the sead light beam 502. The line center
analysis module can be placed at other locations within the light source 505, or it can be
placed at the output of the light source 505,

The laser gas used in the discharge chamber can be any suitable gas for
producing a laser beam around the required wavelengths and bandwidth, for example,
the laser gas can be argon fluoride (ArF), which emits light at 2 wavelength of about 183

nm, or kiypton fluoride (KrF), which emits light at a wavelength of about 248 nm.
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The power amplifier 510 includes a power amplifier discharge chamber, and if it
is a regenerative {recirculating) ring amplifier, the power ampilifier also includes a beam
reflector 530 that reflects the light beam back into the discharge chamber to form &
cireutating path. The power amplifier discharge chamber includes a pair of elongated
alactrodes, a laser gas that serves as the gain medium, and a fan for circulating the gas
hetwesn the slectrodes, The seed light beam 502 is amplified by repeatedly passing
through the power amplifier 510, The beam modification optical system 525 provides 2
way (for exampie, a partially-reflecting mirror) o in-couple the seed light beam and to
out-couple a portion of the amplified radiation from the power amplifier to form the
output fight beam 110

The measurement system 580" is used to producs a baseline optical spactrum of
the fight beam 110. in some implementations, the measurement system 580" can
include a grating spectrometer such as the ELIAS echelle spectrometer produced by
L.TB Lasertechnik Berlin GmbH, of Berlin, Germany. In other implementations, the
measurement system 580" can be used for onboard, real-time measurament of speciral
prapertigs and include an stalon spectromeater that receives a portion of the light beam
110 that is rediracted from a beam splitting device placed along the path of the light
heam 110. The elalon spectrometer includes an optical arrangement including an etalon
through which the light beam portion travels, and a detector that recelves the ouiput
light from the optical arrangement, The oulput of the defector is connected to the control
system 185; in this way, the control system 185 receives each optical spectrum 400
recorded by the detactor,

Referring again to Fig. 24, the microelectronic features can be formed on the
wafer 120 by, for example, depositing a layer of radiation-sensitive photoresist material
ot the wafer, then positioning the patterned mask 234 ovar the photoresist layer, and
then exposing the masked pholoresist layer to the selected radiation (that {s, the light
bearn 110). The wafer 120 is then exposed to a developer, such as an aqueous base or
a solvent. And, the portions of the photoresist layer that are resistant to the developer
remain an the wafer 120, and the rest of the photoresist layer is removed by the

developer {o expose the material of the wafer 120 below.
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The waler 120 can be processed using additional process sleps, which can be
one-of more of @ combination of process steps such as etching, deposition, and
ithography processes with a different mask 234 {o create a pattarn of openings {(such
as grooves, channels, or holes) in the material of the wafer 120 or in materials
deposited on the wafer 120. These openings can be filled with insulative, conductive, or
semiconductive materials o build layers of the microelecironic features an the wafer
120. The wafer 120 is then singulated to form individual chips, which can be
incorporated into a wide variety of electronic products, such as computers and ather
consumer or indusirial slectronic devices.

As the size of the microelectronic features formed in the wafer 120 decreases
{for example, to reduce the size of the chip that is formed by the wafer 120}, the size of
the features formad in the photoresis] layer must also decrease. The critical dimansion
{CD) is the feature size that needs 1o be printed on the semiconductor substrale {the
wafer 120} and therefore the CD can require tight size control.

One way o decrease the CD is to Increase the numerical aperture (NA} of the
projection lens in the objective arrangement 232. Howaver, as the NA of the projection
lens increases, the profected image of the mask 234 on the wafer 120 loses depth of
focus (DOF) at isolated features. DOF is needed to achieve a higher yield of processed
wafers since the manufacturing process requires a variation in focus, As a result of the
lower DOF, the yield of processed wafers can be unacceplably low,

Mast projection lenses {used in the objective arrangement 232} have chromatic
aberration, which praduces an imaging eror on the wafer 120 if there Is a wavelength
arror of the light source 105. One error caused by chromatic aberration is focus emor
and other errors tend fo be much smaller. For example, if the wavelength of the light
baam 110 is off of the target wavelength, the image on the wafer 120 will have a
significant focal plane errar,

Referring to Fig. 8, an exemplary performance parameter systerm 850 is shown
that receivas output from the control system 185 o control or modify one or more
performance parameters associated with the light source 108, The performance
parameter systam 850 includes one or more performance parameter modules 551 {for

example, B81A, 8518, 651C, .., 851x). Depending on the performance parameter that is
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to be controlied, the spedific performance parameter module 8§51 can be selected to
modify or change that performance parameter of the light source 105, Each
nerformance parameter moeduls 851 can include its own contreller (852A, 6528, 652G,
... 852x) that includes electronics in the form of any combination of firmwars and
software. Each performance paramester module 851 can include its own set of actuation
systems {6544, 6548, 684G, ... 854x), which include actuators that are coupled o
respective features {B8BA, 6668, 688C, ... 668x) of the light source 105, The actuators
can be any combination of mechanical, e}e{:i'té‘ic-ai, optical, thermal, hydrautic, for
example, depending on the features of the light source o be controlled. By controlling
these raspective feglures (868A, 888, 886, ... 686X of the light sowrce 105, the
respective performance parameter can be adjusted.

While a set of performance parameter modules 651 is shown in Fig. 8, it is
possible for the performance parameler system 680 1o include only one performance
parameter module or any number of performance parameler maodides.

Referring to Fig. 7A, an example of a performance parameter module 651 that is
a spectral feature module 751 is shown in block diagram form. The exemplary spectral
feature module 751 couples o light from the fight source 105, In some implementstions,
the spectral feature module 751 receives the light from the master oscillator 500 to
enable the fine uning of the parameters such as wavelength and bandwidth within the
master oscillator 500,

The apeciral feature module 751 can include a controller such as spectral feature
controfler 7582 that includes elecironics in the form of any combination of firmware and
software. The confroller 752 is connected to one or more actuation systems such as
spaciral feature acluation systems 754, 758, 758. While three acluation systems are
shown, there can be fewer or grealer than three actuation systems. Each of the
actustion systems 754, 756, 758 can include one or more actuators that are connected
to respective optical features 760, 762, 764 of an optical system 768. The optical
features 780, 762, 764 are configured to adiust particular characteristics of the
generated tight beam 110 o thereby adjust the spectral feature of the light beam 110,
The controller 752 receives a conlrol signal from the conlrol system 185 {as discussed

helow), the control signal including specific commands to operate or control one or more
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of the actuation systems 754, 756, 758, The actuation systems 754, 756, 758 can be
selected and designed to work togsther, that is, in tandem. Moreover, gach of the
actuation systems 754, 758, 758 can be optimized to respond o & particular class of
disturbances or modifications to the spectral feature. Together such coordination and
coaperation can be emploved by the control system 185 to hold or maintain the spectral
feature (such as the wavelength or bandwidth) at a desired sefpoint or at least within a
desired range around a seipoint, even though the light source 108 may be subjected to
a wide array disturbances. Or, the coordination and cooperation can be employed by
the controf system 185 to madify the spectral feature (such as the wavelength} to
synthesize the spectral shape of the light beam 110 to form a synthesized spectral
shape, as discussed below. O, the coordination and coaperation cant be ermnployed by
the control system 185 to modify the spechral feature {such as the bandwidth} to correct
for errors in physical features formed on the wafer 120,

Each optical featurs 760, 782, 764 is optically coupled to the light beam 110
nroducad by the light source 105, In some implemaentations, the optical system 786 is a
fine narrowing module such as that shown in Fig, 78, which is a block diagram of
exemplary optical components of the spactral feature module 751 of Fig. 7A. The line
narrowing module inoludes as the optical fealures 780, 762, 784 dispersive optical
alements such as reflective gratings 780 and refraclive optical slements such as prisms
782 784 788, 788, one or more of which can he rotatable. An example of this line
narrowing module can be found in U.S. Patent No. 8,144,738, entillad "System Mathod
and Apparatus for Selecting and Controlling Light Source Bandwidth,” and issued on
March 27, 2012 {the 730 patent), which is incarporated herein by reference in its
entirety. In the 739 patend, a line narrowing modue Is desaribed that includes a beam
gxpander {including the one or more prisms 782, 784, 786, 788) and the dispersive
slament such as the grating 780. The respective actuation systems for the actuatable
optical features such as the grating 780, and one or rore of the prisms 782, 784, 786,
788 are not shown in Fig, 7B.

Each of the actuators of the actuation systems 754, 756, 758 is a mechanical
davice for maving or controlling the respective oplical features 780, 762, 7684 of the

optical system. The actualors receive energy from the module 752, and convert that
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energy into some kind of motion imparted to the optical features 760, 762, 764 of the
optical system. For example, in the '739 patent, actuation systems are desoribed such
as force devices (to apply forces to regions of the grating) and rotation stages for
rotating one or more of the prisms of the beam expander. The actuation systems 754,
7586, 788 can include, for example, motors such as stepper motorg, valves, pressure-
conirolled devices, piezoelectric devices, linear motors, hydraulic actuators, voice coils,
gtc.

It is possible that the spectral fealure selection system 750 includes only one
actuation system coupled to one oplical feature of the optlical system, while the other
optical features of the optical system remain unactuated. For example, in Fig. 7B, the
line narrowing module can be set up so that only one of the prisms (such as the prism
782) is actuated by coupling with its actuation system, and the prism 782 can be
mvable under the control of a plezoelectric device. For example, the prism 782 can he
mounted on a stage that is movable under the controd of the plezoeleciric device, which
is controlled by the module 752.

Another type of performance parameter module 881 could be, for example, an
energy module that controls the energy of the light beam 110 oulput from the light
source 1058, In some implementations, the energy is controlled by controlling a voliage
iy one or more of the gas discharge chambers {for example, o the gas discharge
chambaer in the master oscillator 500 or the gas discharge chamber of the power
amplifier 510}, In other implementations, the energy is controlled by adjusting a relative
timing between the discharge in each of the master osciliator 500 and the power
amplifier 510. In this case, the control system 185 receives the target value of the
energy. Or, the monitoring module 140 monitors a deviation of the performance
paramater from the target value, and the controller 117 adjusts the voliage and timing or
other features within the light source 105 to modify and control the energy of the light
beam 110.

Referring again to Fig. 1, the metrology apparatus 145 can be a self-contained
systent such as a high resolution scanning slectron microscope (SEM) that is designed
for high resolution imaging, to be able to display feature sizes of less than, for example

1 nm. The SEM is a type of electron microscope that produces imagss of g sample {in
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ihis case, the wafer 120) by scanning the wafer 120 with a fooused beamn of electrons.
The electrons interact with atoms in the wafer 120, producing various signals that can
be detected and that contain information about the wafer's surface topography and
composition. The eleciron beam can be scanned in a raster scan patter, and the
glectron bearn's position is combined with the detected signal to produse an image. The
SEM can achieve resolution better than 1 nanometer (nm}. The waler 120 can be
observed in any suitable environment such as in high vacuum, in low vacuum, {in
gnvirormental SEM) in wet conditions and at a wide range of cryogenic or elevated
temperatures. The most common mode of detection is by secondary electrons emitted
by alorms excited by the slsctron beam. The numbey of secondary electrons is a
function of the angle between the surface of the wafer 120 and the electron beam. In
other systems, back-scatlered electrons or X-rays can be deteciad.

For example, the SEM can be a CD-8EM that is spacifically designed to image
wafers. Suitable self-contained systems that can be used as the melrology apparatus
145 are VerltySEM™ produced by Applied Malerials, Ino. of Santa Clara, Californig,
UGA, ar the OG series CDSEMs {(such as the CG5000) by Hitachi High-Technologies
Corporation of Minato-ku, Tokyo, Japan.

In other implementations, the metrology apparatus 145 is a scatteromeler that
fransmits a pulse of energy toward the wafer 120 and measuwres the reflected or
diffracted energy from the wafer 120, The scatieromeler can combine a measurement
of overtay, focus, and CD in one sensar, In some implementations, the metrology
apparatus 145 is the YieldStar $-250D {made by ASML Netherlands BV, of Veldhoven,
The Netherlandg), which is a standalone metrology toot that alows measurement of on-
product overlay and focus using diffraction based overlay and diffraction based focus
techniques as well as the optional capability {o measure CD.

it some implementations, the metrology apparatus 145 Is an overlay metralogy
apparatus that determines whether the separate patterns of materials placed ot sach
layer of the wafer 120 are aligned correctly. For example, the overlay metrology
apparatus determines whather the contacts, lines, and transistors of each layer of the
wafer line up with sach other, Misalignment of any kind between the paltems can cause

short circuits and connaction failures, which in turm would impact yisid and profit
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marging, Thus, in practice, the overlay melrology apparatus is used after each layer is
formed on the wafer 120 but after the sacond layer is formed. The overlay melrology
apparatus measures a relative position of the most recently formed (that is, the current)
laver on the wafer to a previcusly formed layer on the wafer, where the most recently
formed layer is formed on the previously formed layer. The relative position between the
current wafer layer and the previously formed wafer layer is measured for each location
at which the light bearm exposes the waler (if the characteristic of the light bearm 110
measurad at the wafer 120 corresponds to the focation). An exemplary overlay
metrology apparatus is the Archer™ 500 Series by KLA-Tencor Corporation of Milpitas,
Califarnia, USA.

As discussed above, the monitoring module 140 provides, in real time,
information 164 representative of how the light beam 110 scans the wafer 120 to the
control system 185, The information is a characteristic of the light beam 110 as it
exposes the wafer 120. In some implementations, the information can be ysed to
determine the lpcation at which the light beam 110 is exposing the wafer 120 during the
exposire scan and thersfore in real fime; and this information can be provided
periodically during a scan of the wafer, such as, for example, it can be provided for each
field of the wafer, during a sst number of imes during a scan of the waler, or during a
sat number of fimes within one field of the water.

Referring to Fig. 8A, in some implementations, the monitoring module 140
includes a signal monitor 840° positioned to monitor or observe one or more signals that
are sent frorm the controller 117 {of the lithography exposure apparatus 115) to the light
saurce 105, For example, with reference again to Fig. 3, the signal monitor 840" may be
configured to detect one or more of the following exemplary signals: when the wafer
exposure signal 300 is at a high value 305; when the gate signal 315 is al a low value
325; when the frigger signal 330 is at a low value and the gate signal 315 is at a high
value 320; whern the wafer exposure signal 300 swilches fram the high value 305 to the
fow value 310; or when the trigger signal 330 switches to a low value after being at a
high value a certain number of times {such as the number of times that corresponds o
the siit).
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Referring to Fig. 88, in other implementations, the monitoring module 140
includes an energy or power sensor 8447 positioned within the lithagraphy exposure
apparatus 115 to detect an energy of the light beam 110 just before it exposes the wafer
120, The sensor 840" can be, for example, a photodiode power sensor, a theymal
power sensaer, or a pyroslectric energy sensor. The sensor 840" can bie positioned al an
optical glement on which the light beam 110 reflects on ils path between the light source
105 and the wafer 120,

Referring to Fig. 9, details about the control system 185 are provided that relate
to aspects of the system and method described herein. The control system 185 can
include other features not shown in Fig. 8. In general, the controf system 185 includes
one or more of digital electronic circuitry, computer hardware, firmware, and softwara.

Specifically, the control system 185 includes memory 800, which can be read-
only memory andfor random access memory. Storage devices suitable for langibly
embodying computer program instructions and data include alf forms of non-volatile
memory, including, by way of example, semicondustor memory devices, such as
EPROM, EEPROM, and flash memary devices; magnetic disks such as internal hard
disks and removable disks; magneto-optical disks; and CD-ROM disks. The control
system 185 can also include one or more input devices 9085 {such as a keyhoard, touch
soreen, microphone, mouss, hand-held input device, elc.) and one or mora oulput
devices 910 {such as a speaker or a monitor).

Generally, the control system 185 includes one or more programinable
pracessors 915, and one or more computer program products 920 tangibly embodied in
a machine-readable storage device for execution by a programmable processor {such
as the processors 815}, The one or more programimable processors 915 can each
execute a program of instructions to perform desired functions by aparating on input
data and generating appropriate oulput. Bensgrally, the processor 915 receives
instructions and data fromt the memory 800. Any of the foragoing may be supplemented
by, or incorporated in, specially designed ASICs {application-spedific integratec
oircuits).

Specifically, the control system 185 includes a corrslation module 928 {which can

be a set of computer program products exscuted by one or more processors such as
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the pracessors 815) and a perforrance parameter module 830 {which can be a set of
computer program products exscuted by one or mors processors such as the
processors 815). The correlation module 825 receives the output 160 from the detection
system 155 within the melrology apparatus 145, The performance parameter module
930 receives the realtime information 165 about how the light beam 110 scans the
wafer 120 from the monitoring module 140, information 835 that outputted from the
corrglation module 825, and a target value 837 of the performance parameter. The
control system also includes a light source module 945 and a light source actuation
system 950, The light source module 945 receives a target parformance parameter 840
from the performance parameter module 230 and a measured value of the performance
parameter from the measurement systern 180. The oulput of the fight source moedule
945 indicates to the light source actuation system 950 how to adjust features of the light
source 105. The light source actuation system 850 is connected to the light source 105
and to the performance paramedter gystem 150.

While Fig. 9 represents the controf system 185 as a box in which all of the
components appear to be physically co-located, it is possibie for the conlrol system 185
to be made up of components that are physically remote from each other. For example,
the light source module 845 and the light source actuation system 950 can be physically
co-located with the light source 110; the correlation module 925 can be a separately
contained computer remote from the light source module 945 and the memuory 800 and
processors 915,

Refarring to Fig. 10, the cuiput 160 received by the correlation module 825 is a
fist 1000 of the measurad physical praparties 1002 of the waler 120 for each pulsed
fight beam characteristic 1004 at the wafer. Examples of measured physical properties
1002 of the wafer 120 include a conirast of a feature formed on the wafer, a linewidth or
critical dimension {CD) at the wafer location, a photoresist profile, a sidewall angle, and
a final resist thickness. The physical property 1002 can be analyzed within the context
of a curve or plot {(such as a Bossung curve) of the physical property versus a property
{such as focus or dose) of the light beam that exposes the wafer 120.

The pulsed light beam characteristic 1004 at the wafer can be a location at which

the light beam exposes the wafer 120, In this case, the oufput 160 is a list 1000 ofthe
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measured physical propertias 1002 of the wafer 120 for each location 1004 on the
wafer, Referring also to Fig. 11, the locatlion can be taken at aach exposure fisld of an
exemplary wafer 1120 and in this example, each expuostire field is marked with a
consecutive number so that there ars 42 fields on the wafer 1120. Thus, the detection
system 155 measures the physical property 1002 at sach field on the wafer 1120 within
{he metrology apparatus 145, The correlation module 825 oufputs a list 1010 that
correlates performance parameters 1012 of the light beam 110 with each pulsed light
beam characteristic 1004, The correlation module 825 determines the performance
narameter 10112 of the light beam 110 that would modify or carrect the physical property
1002 af the parlicular pulsed ight heam characteristic 1004, For axample, fthe
characteristic 1004 is z location on the wafer 1120, and the measured physical property
1002 is an error in CD, the correlation module 825 may determine how to adjust a
bandwidth {performance paramster) of the light beam 110 to compensate for the error in
CD at esch location on the wafer 1120. The created list 1010 s the information 935 sent
to the performance parameter module 930, The correlation modulg 925 therefore can
determine how to adjust one or more performance parameters of the pulsed ight beam
110 to compensate for the physical errors that show up on the wafer 120, without
modifying characteristios {sucht as optical characieristics} or componentis within the
lithography exposure apparatus 1146,

Referring to Fig. 12, the photolithography system 100 performs a progedurs 1200
for adjusting physical properties at the wafer by modifying or adjusting the performance
sutput from the fight source on an intra-wafer {for example, field-to-flald) or an intra-field
{for exarmple, pulse-to-pulse) basis. One or mare of the steps of the procedure 1200 can
he performed by the control systam 185 andfor the controller 117,

initially, a signal is sent to the light source 105 to produce the light beam 110 as
a set of pulsas {1208). For example, the light scurce module 945 can be cenfigured to
recaive one or more of the waler exposurs signal 300, the gate signal 315, and the
trigger signal 330 from ths controller 117, and based on the values of these signals,
instruct the Hght source actuation system 850 to actuale features of the light source 1056
nroducs the fight beam 110 in the bursts of pulses. The produced light beam 1103

scanned across the wafer 120 (1210). For example, the controlier 117 and the control
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system 185 can coordinate the production of the pulsed light beam 110 with the
compaonents within the lithography exposure apparatus 115 to move one or more of the
mask 234, the objective arrangement 232, and the waler 120 relative to each other
during the exposure to scan the exposure window 200 across the exposure field 210 of
the wafar 120 so that N pulsses illuminate sach fleld of the wafer 120,

While the light beam 110 is being scanned across the wafer 120 (1210), the
confrol system 185 {and in particular, the performance parameter module 230) receives
the information 185 from the monitoring module 140, which is the characteristic of the
pulsed fight beam 110 at the wafer 120 at a step in time during the scanning (1215},
Thiis, for example, the control system 185 receives a value that reprasents the location
of the puised light beam 110 at that step in time during the scanning, for example for a
particutar pulse within an exposure field or for g particular exposure field of the wafer.
The step in time can be within the time of a single pulse ¥ Lis desired to contral the
performance parameter on a pulse-to-pulse basis. The step in time can be within the
time of a single exposurs flield {and thus, can last for N number of pulses, which can bhe
aboul 100 pulses). The slep in time cart be within the time of a single slit, which has a
plurality of pulses but is less than the size of the exposure field, and thus can last for
sorne value between 1 and a number that is a fraction of the N number of pulses within
the field.

in the example in which control is on a field-to-field hases, if the monitaring
module 140 is designed fike the monitoring module 840 of Fig. 84, then the control
system 185 can recelve a signal fram the monitoring module 840" that indicates that the
gate signal 315 switched to the low value 325 from the high value 320, Such information
means that the light beam 110 iz at the end of the exposure field on the wafer 120 and
thus it provides the control system 185 with information about the location of the light
heam 110 relative to the wafer 120. As another example in which conirol is on a puise-
to-pulse basis, the control system 185 can receive a signal from the monitering module
840" that indicales that the trigger signal 330 just switched from a high value to a low
value and the gate signal 315 is at 8 high value 320, This information means that the

puise of the light beam 110 has ended within the current exposure field.
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The control system 185 {and specifically, the correlation module 925) receives
the output 160 from the delection system 1585, that is, the determined value 1002 of the
physical property of the wafer 120 for a particular light beam characteristic 1004 {1220}
in general, the determined values 1002 of the physical properties of the wafer 120 for

5 each light beam characteristic 1004 is received as the list 1000, which is in the output
160 from the metrology apparatus 145 and is based on an analysis and measurement
of pravipusly-axposed wafers. i is possible that the metrology apparatus 145 s
integrated within the lithography exposure apparatus 115 so that it measures the
physical property of the wafer 120 in real ime and during the exposure of the cusrent
10 wafer 120 mounted on the stage 220.
The control system 185 {and specifically, the performance parameter module
4303 determines whether and how much to modify the performance parameter of the
fight beam 110 basad on the recelved information 185 {(the characteristic of the pulsad
fight beam 110 at the wafer 120) from the monitaring module 140 (1215} and the
15 received determined value 1002 of the physical proparty of the wafer 120 for the
particular light beam characteristic 1004 from the detection system 155 (1220} (1225},
The control system 185 maodifies the performance parameter of the pulsed light beam
110 during the scanning across the wafer 120 (1230} if the conirol system determines
that the performance parameter needs 1o he modified (1225). In particular, the contral
20 system 185 can madify the performance parameter of the pulsed light beam 110 after
the current time step befora the naxt time step. If the fime step is an entire puise of the
fight beam 110, then the modification of the performance paramester can ccowr after the
current pulse but before the next pulse of the light beam 110 is emitted. If the ime step
15 an entire field, then the modification of the performance parameter can occur affer the
25 current exposure field is completed but before the next exposure field begins. Thus, with
reference to Fig. 3, for example, if the time step is an entire field F, then the madification
can occur at ime T{mod), which is the time belween two exposure fields of the wafer
120,
The control system 185 determines whether the scanning of the wafer 120 is
30 complete (1235} For example, the control system 185 {specifically, the performance

narameter module 930) can receive a signal from the monitoring module 840 that
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indicates that the wafer exposure signal 300 has switched from a high value 305 {which
indinates that the wafer is being exposed) to a low value 310, which indicates the end of
the wafer exposure. If the signal from the monitoring module 840 is the high value 305
then the scanning of the wafer 120 is not complete (1238} and scanning continues
{1210}, If the signal from the monitoring module 840" indicates that the wafer exposure
signal 300 has switched to the low vaiue 310 from the high value 308, then the scanning
of the wafer 120 is complete 1235 and post processing of the wafer 120 Is performed
offline {(1240).

Referring to Fig. 13, the control systern 185 can perform a procedure 1225 for
determining whether and how much to modify the performance parameter of the light
heam 110 based on the received characteristic of the pulsed light beam 110 at the
wafer 120 {1215) and the received determined valug 1002 of the physical property of
the wafer 120 for the particular light beam characteristic 1004 (1220}, The control
system 185 {specifically, the performance parameter module 930) accesses the list or
set of performance parameters as a function of light beam characteristics at the waler
{which is produced by the correlation module 928) (1300}, selects the value for the
performance parameter within the accessed set that corresponds to the received
charactaristic of the light beam {from the monitoring module 140} at the current water
120 {1305); and compares the selected value of the performance parameter with &
current measured value 937 of the performance parameter of the pulsed light beam 110
{1310). Additionally, if the selacted value of the performance parameter does not maich
the current value, then the control system 185 (sperifically, the performance paramater
module 830) determines that the current target performance parameter needs fo be
adjusted to match the selected value of the performance parameter (1315},

Referring to Fig. 14, the performansce parameter of the pulsed light beam can be
madified {1230) by performing a procedure 1230, The control system 188 (specifically,
the performance parameter module 930) modifies a target performance parameter of
the light beam 110 {(1400). The control system 188 (specifically, the light scurce module
045) receives a measurement of the performance parameter of the pulsed light beam
110 from the measurement systerm 180 (1405), and determines whether the measured

performance parameter matches the modified target performance parameter 940
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{1410). The measured performance parameter can be considerad to match the modified
target performance parameter if if is equal to the modified target performance parameter
or if the difference betweean the measured performance parameter and the modified
target performance parameter is lgss than a pradetermined threshold.

For example, in cerfain applications in which the performance parameter is the
bandwidth of the light beam 110, the bandwidth {measured tsing the E95 melric) can
be controlled to within £30 ferntometer (fm) around a target bandwidth, As another
sxample, in ceriain applications in which the performance parameter is the average
wavelength error of the light beam 110, the wavelength error can be controlied to within
+6 fm around a terget wavelength emor. As a further example, in cerlain applicalions in
which the performance parametsr is the energy stability (for example an energy error) of
the light beam 110, the energy ervor can be controlied to within 4% of a target energy
error,

if the control system 185 (specifically, the light source module 9450 delermines
that the measured performance parameter does not maltch the modified targst
perforitance parameter (1410), then the control system 185 sends a signal o the fight
source 106 by way of the light source actuation system 950 to modify the performance
parameter of the pulsed light beam 110 (1415}

By performing the procedure 1200, errors in pallerning at the wafer 120 can be
corrected by modifying the performance parameter of the light beam 110 without
modifying features of or oplical components within the lithography exposure apparatus
115,

Referring to Figs. 15A and 158, in some implementations, the light beam
parformance parameter that is controlled using the procedure 1200 is a bandwidth
(measurad or characierized using a sultable metric such as the spectral width that
contains X% of the integrated energy of the laser pulss snergy or EX, where X can he
95} of the light beam 110 and itis controlled on a field-to-field basis (which means that
the time steps in the procedure ocour with each exposure field}. In this example, the
handwidth of the light beam 110 is adjusted for each field of the wafer 120. In Fig. 154,
an exermplary list 1010 of the bandwidth 1012 correlated to exposure field 1004 that is

output from the carrelation module 828 is shown in a graph 1510, In Fig. 158, the
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measured physical property (for example, the critical dimension) for each exposure field
1004 of a previousily-exposed wafer 120 is shown in a water schematic in which the
solor corresponds to the value of the critical dimension, which varles from a nominal
value of zero, 0, the color graen, for each sxposure field. The data for Fig. 158 was
taken by the metrology apparatus 145 for wafers 120 exposed with the light source 110
operating with a bandwidth that varied from 300 fm to 1600 fm, with the value of the
bandwidth changing for each field of the wafer such as shown in Fig. 15A. For those
fields that are red or blue, the critical dimension is off from the nominal value, This
information can be used to determing how to adjust the bandwidth to offset a measured
physical property at the wafer. The list 1010 {represented in Fig. 15A) shows how the
bandwidih 1012 needs to be adjusted for each exposure field to modify or correct the
critical dimension 1002 at each fisld of the wafer 120,

Referring to Fig. 16, in some implementations, the light beam performance
parameter that is controlled using the procedure 1200 is the bandwidth of the light beam
118 and it is condrolled on an infra-fisld {for example, a slit-to-siit) basis, which means
that the time steps in the procedurs ocout at each slit of the field, The top graph shows
a graph 1610 that represents an exemplary iist 1010 that is output from the correlation
module 928 while the bollom graph 1620 shows the bandwidth behavior without any
modification or adjustment from the performance parameter module 830, In this graph
1610, the performance parameter of the bandwidth 1012 is correlated with each
exposure slit of a field of the wafer 120, This shows how the bandwidth 1012 needs to
be adjusted for each axposure fisld to modify or correct some physical property 1002 at
aach field of the wafer 120

Referring to Fig. 174, It some implementations, the light besm performance
parameter that is controliad using the procedure 1200 is an energy of the light beam
110 and it is conlrolled on a field<o-field basis {(which means that the time steps in the
procedure oceur with each axposure fisld). In this example, the energy of the light beam
110 is adjusted for sach field of the wafer 120. In Fig. 174, an exemplary list 1010 of the
energy 1012 correlated to sxposure field 1004 that is output from the correlation module
425 is shown in a graph 1710, This list 1010 shows how the energy 1012 needs to be
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adjusted for sach exposure field {o modify or correct the critical dimension 1002 at gach
figld of the wafer 120,

I Figs. 178, C, and D the measured physical property {for example, the critical
dirmeansion) for each exposure field 1004 of a previously-exposed wafer 120 is shown in
a set of wafer schematics in which the color corresponds to the value of the critical
dimension, which varies from a nominal value of zero, 0, the color green, for each
exposure fleld. The data for Fig. 178 was taken by the melrology apparatus 145 for
wafers 120 previously exposed with the light source 110 oparating with a bandwidth that
rangad fram 300 fm to 800 fm {measured using the B9 metric); the data for Fig. 17C
was taken by the metrology apparatus 145 for wafers 120 previously exposed with the
light source operating at a bandwidth that ranged from 300 fim to 800 fm (measured
using the E85 metiic), and the data for Fig. 17D was taken by the metrology apparatus
145 for wafers 120 previously exposed with the light source operating at g bandwidth
that ranged from 300 fm to 800 fm {measwred using the E88 metric). The value of the
andwidth changes for each field of the wafer such as shown in Fig, 15A. For those
fields that are red or biue, the critical dimension is off from the nominal value.

Referring to Fig. 18, a graph 1810 shows the adjustment or variance of the
performance parameter of an arror in wavelength {in arbitrary units such as fmj of the
ight bearm 110 on a field-te-field basis (or intra-wafer basis) using the procedurs 1200,
Each data poird of the graph 1800 represents a burst or field and shows how the
wavelength error is adjusted ta correct errors in a physical property (such as the critical
dimension) al the wafer 120.

Refarring to Fig. 19, a graph 1910 shows the adjustment or variance of the
performance parameter of an error in wavelength of the light beam 110 on g puise-to-
pulses basis {or intra-field basis). The vertical axis represents the pulse number within a
field and the horizontal axis represants the wavelength error (from a zero value in the
center), Each data point of the graph 1910 represenis a pulse, and shows how the
wavelength error is adjusted to correct errors in a physical property (such as the critical
dimension) al the wafer 120, As svident from the graph 1910, the wavelength error
terds to be graater for pulses forming in the first half of the field while the wavelength

arror tends to be reduced for the second half of the fisld.
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Referring to Figs. 204 and 208, respective graphs 2000, 2050 show how the
speciral shape {one performanice parameter) of the light source 110 is modified or
adjusted throughout a wafer scan to account for certain variations in physical properties
at the wafer 120, For example, the spectral shape can be maintained throughout one
burst or it can be changed with each burst or it can be changed with each pulse or each
slit, The graphs 2000, 2050 show two examples of spactral shapes, but many others
can be achievad. The speciral shape can be adiusted by changing a phase of the
optical specirum 400; the phase is a distance between peaks of the wavelengths
produced by spectrum synthesis, By changing the distance between the wavelength
poaks, the shape of the spectrum can be modified across the wafer 120.

Referring also to Fig. 21, an exemplary waler map is shown in which a phase of
the spectrum is modified. Al the beginning of a wafer exposure, the laser receives a
reset hit {the wafer exposure signal 300} from the controller 117 {in the lithography
sxposure apparatus 115) prior fo the first rigger signal 330 of the first burst (fleld). Al
the beginning of each field exposure {burst), the light sowrce 110 receives a number of
pulse infarmation from the controller 117 prior to the first trigger signal 330 of that burst.
The taser software {which can be in the control system 185) can then calculate and
determineg the amplitude A of the wavelength madification, the phase offsel ¢, and the
dither period N o generate the most appropriate spectrum for the mmediate next field
based on the #Hlumination requirements at the wafer 120,

The timing betwesn racelving information and the first trigger signal is properly
hudgetad to aliow for sufficient time for the control system 185 to complete s
caloulation and analysis. In this way, each field {for example, i and i+1 in Fig. 21) can
have complately different spectrums, providing fllumination flexitility in a pulse-lo-puise
or a field-to-field basis. At the end of each fisld, for example, within T{mod} seconds, all
information about the light source 110, and the conditions for friggering the light source
110 in the field are sent to the light source module 945 and are properly processed and
recardad for example, within memory 800, The recorded information can be furthey
used for either online or offline intra-wafer and inter-wafer characterization.

The procedure 1200 can be enabled and disabled through the control system

185 or through a part of the control system 185 dedicated to the light source 105. This
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procedure 1200 can be used for wafer characterization and wafer-to-wafer spectrum
trend control. This procedure 1200 can be used for interfield or intra-field closed loop
spectrum control, The current burst’s spactrum can be adapled based on the calculation
of last burst’s information.

In thig way, the spentrum is generated on a fiekd-to-fleld or a waler-to-wafer
basis. And, there is adaptive confrol of the spectrum shape on a field-to-field and wafer-
to-wafer basis. ‘

Referring also o Fig. 224, a graph 2200 shows the critical dimension {& physical
property 1002} at the wafer 120 versus a focus of the light beam 110 {8 light beam
parameter 1012}, This graph 2200 iz typically referred to as a Bossung curve, which
enables the analysis of a variation in orifical dimension of a printed feature versus the
focus latitude and the exposure latitude. The graph 2200 shows a setof plois that have
symbols {such as squares or oircles} and thess plots were generaled with symmetrical
optical spectra 400. On the other hand, the set of plots shown in the graph 2200 thal
lack symbols were generated with asymmetrical optical spectra 400. The graph 2200 is
duplicated in Figs. 22B, but a line 2230 has been added to show thatl the plots
gensrated with asymmetrical oplical spectra 400 arg lilted. In this way, Bossung tiltor
shift is induced by modifying the shape of the optical spectra 400,
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What is claimed is:

1. A photolithography method comprising:

instructing an optical source to produce a pulsed light beam;

scanning the pulsed light beam across a waler of a lithography exposure

apparatus o expose the waler with the pulsed light beam;

(%21

during scanning of the puised light beam across the wafer, receiving a
characteristic of the pulsed light heam at the wafer;
recetving & determined valug of a physical property of g wafer for a particular
pulsed light beam characteristic; and
18 based on the pulsad light beam characteristic that fs received during scanning
and the received determined value of the physical property, modifying a performance

parameter of the pulsed light beam during scanning across the wafer,

2. The method of claim 1, wherein the determined value of the physical property

15 comprises an error in the physical property of the wafer,

3. The method of claim 1, wherein the physical property is ong or morg of a
contrast of a feature formed on the wafer, a crilical dimension at a wafer area exposed
ta the pulsad light beam, a photoresist profile at a wafer area exposed to the pulsed

fight bearm, and a side-wall angle at a wafer area exposed to the pulsed light heam,

~
5
Lo

4, The method of claim 1, wherein receiving the determined value of the physical
property of the wafer for a particular light beam characteristic comprises receiving a sel
of determinad values of the physical property for a wafer that has been previously

25  exposed by the light beam of the optical source for a set of light beam characteristics on

the previously-exposed waler.

5. The method of claim 1, wherein receiving the characteristic of the light beam
at the wafer during scanning of the pulsed light beam across the wafer comprises

30 receiving a location at which the light beam exposes the wafer.
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6. The method of claim 1, wherein receiving the characteristic of the light beam
at the wafer during scanning of the pulsed light beam across the waler comprises

receiving an energy of the light heam as it exposes the wafer.

7. The methed of claim 1, wherein modifying the performancs parameler of the
pulsed light beam comprises modifying a target performance parameter of the pulsed
light beam, the method further comprising:

receiving a measuremnent of the performance parameter of the pulsed light beam;

determining whether the measiured performance parameter malcheas the modified
target performance parameter; and

if it is determined that the measurad performance parameter does not maich the
modified target performance parameter, sending a signal to the oplical spurce to modify

the performance parameter of the pulsad light beam.

8. The method of claim 1, wherein receiving the light beam characteristic at the
water comprises:

recelving 3 control signal from the lithography exposurs apparatus to the optical
source; and

determining the light beam characteristic at the wafer based on the received

control signal.

9. The methad of claim 1, further comprising determining a modification to the

performance parameter of the puised light beam.

10. The method of claim 9, whereln determining the modification o the
performance parameter of the pulsed fight beam comprises:

accassing a stored set of performance parameters as a funclion of light beam
characteristics al the wafer;

selecting the valus for the performance parameter within the accessed set that

carresponds {o the received characteristic of the light beam at the current wafer; and
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comparing the selected value of the performance parameter with a current value

of the performance parameter of the pulsed light beam.

11. The method of claim 10, further comprising, If the selected value of the
performance parameter does not match the current value, then determining that the

curent performance parameter needs to be adjusted to match the selected value.

12. The method of claim 1, wherein receiving the determined value of the
physical property of the wafer for the particular light beam characteristic comprises
selecting the value of the physical property of the wafer for the particudar light beam

characteristic based on the received characteristic of the light beam.

13. The methad of claim 10, whereln recelving the determined value of the
physical groperly comprises receiving a st of measurgd physical properties of the

wafer at a sat of light beam characleristics at the wafer.

14. The method of claim 13, further comprising;

for each light beam characteristics at the wafer in the sel, determining a
performance parameter of the pulsed light beam based on the measured physical
property; and

storing the determined performarnce parameter at each light beam characteristic

within the set.

15. The method of claim 1, whersin;

scanning the pulsed light beam across the wafer comprises scanning the pulsed
ight beam across a field of the wafer, the field being & fraction of the total area of the
wafer exposed; and

raceiving the characteristic of the light beam comprises receiving the

characteristic during the scanning across the fiald.
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16. The method of claim 1, wherein modifying the performance parameter of the
pulsed Hght beam comprises modifying one or more of a spectral feature, an error of a
apeactral feature, an ensrgy of the pulsed light beam, a dose of the pulsed light beam, an
error in a wavelength of the pulsed light bsam, a bandwidth of the pulsed light beam,

and a spectral shape of the pulsad light beam.

17. The method of claim 1, further comprising correcting errors in patterning at

the wafer based on modifying the performanse parameter of the puised light beam.

18. The method of claim 17, wherein the eirors in the wafer patlerning are

corracied without modifying the lithography exposure apparatus.

18. The method of claim 17, wherein the errors in the wafer patterning are
corrected without modifying optical features or components within the lithography

exposurs apparatus.

20. The method of claim 1, whersin modifying the performance parameter of the
pulsed light beam comprises modifying a spectral feature of the pulsed lighl beam, the
method further comprising generating an estimate of a spectral feature gach time the

fight beam characteristic is recelved,

21. The mathod of claim 1, wherein the light heam characteristic is received at
sach fleld of the wafer, the field being a2 fraction of the tolal area of the wafer exposed

and that area of the wafer that is exposed in one scan of an exposure wingdow.

22. The method of claim 1, whereln producing the pulsed light beam comprises

perturbing a speciral shape of the pulsed light beam on a pulse-to-pulse basis.

23, The method of claim 22, wharein pearturbing the spectral shape of the pulsed
fight beam on a pulse-to-pulse basis comprises shifting a central wavelength of sach

pulse of the light beam from a baseline wavelength in a predefined repeating pattern.
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24, The method of claim 23, wherein modifying the performance parameter of
the pulsed light beam comprises maodifying how much the central wavelength of each

puise of the light beam is shifted from the baseline wavelength.

[#33

25, The method of claim 1, further comprising, before scanning the wafer;

maasuring the physical property within a scan at each exposure field of ons or
mare previatsly exposed walers; and

creating a table that correlates each measured physical property for sach

16 exposure fisld across an entire wafer that is exposed with the pulsed light beam.

26. The method of claim 25, wherein receiving the determined value of the
physical property comprises receiving the measurad physical properiy for the current

aexposure fisld from the created table.

27. The method of claim 25, wherein receiving the fight beam characteristic
COmprises;
receiving a detection of a start of an exposure of the waler; and

recelving a detection of an end of the exposure of the wafer.

28. A phololithography system comprising:
an optical source that produces a pulsed light beam;
a set of optical components that direct the pulsed light beam o 2 wafer of a
photolithography exposure apparatus to thereby expose the wafer with the pulsed light
25 peany;
a scanning optical system within the lithography exposure apparatus configured
to scan the pulsed light beam across the wafer;
a moniioring module within the lithography exposure apparaius that ouiputs a
characteristic of the pulsad light beam at the wafer during scanning of the wafer;
36 a corrglation module that receives a set of measured values of a physical

property for a wafer for a set of pulsed fight beam characteristics at the wafer and
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outpuls a correlation between a larget performance parameter of the pulsed light beam
and the pulsed light beam characteristic at the wafer based on the receivad determined

vales:

a performancs parameter module connecled to the monitoring module {o receive
the output of the pulsed light beam characteristic at the wafer and lo the correlation
module to recsive the correlation recipe and configured o oulput a value for the
performance parameter based on the receaivad light beam characteristic and the
correlation recips; and

an optical scurce module connectad to the performance parameter module to
receive the cutpulted value for the performance parametar and connected to an optical
sourne actuation systern that actuates ong or more physical features of the optical
source to modify ons or more performance parameters of the optical source based on

the received outputted value.

28. The photolithography system of claim 28, furthey comprising a metrology
module that includes:

a wafer holder that recelves one or more wafers; and

a detection system that measures the physical property of the wafer for each light
beam characteristic at the wafer and ouiputs the measurad physical property for each

ght beam characterigtic at the waler.

20, The photolithography systern of claim 28, wherein the correlation module is
connected {o receive the output from the metrology module and to create the correlation

recipe based on the output from the metrology module,

31. The photolithography systern of claim 28, whersin the light beam
characteristic at the wafer includes a location of the pulsed light beam as il exposes the

wafer.
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