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CONTROLLING FOR WAFER STAGE VIBRATION

CROSS REFERENCE TO RELATED APPLICATION
This application 1s related to US. Apphication No. 15295280, filed on October 17, 2016,

which 1s incorporated heremn by reference m its entirety.

TECHNICAL FIELD
The disclosed subject matter relates to an apparatus for compensating for varations i the
vibration of a water stage during scanning of the waler by adiusting a characteristic of a pulsed

light beam directed toward the wafer.

BACKGROUND

In semiconductor Hthography (or photolithograply), the fabrication of an integrated
circutt {1C) requires a variety of physical and chensical processes performed on a semiconductor
{for example, silicon) substrate (which is also referred to as a wafer). A photolithography
exposure apparatus or scanner is a machine that applies a desired patiern onto a target portion of
the substrate. The wafer is fixed to a stage so that the wafer generally extends along a plane
defined by orthogonal X and ¥ directions of the scanner. The waler is irradiated by a ight
beam, which has a wavelength in the deep uvltraviolet (UV) range. The Hght beam travels along
an axial direction, which corresponds with the Z;, direction of the scanner. The Z; direction of
the scanner is orthogonal to the lateral X;-Y; plane. The critical dimension {CD} is the smallest
feature size of a pattern that can be printed on the wafer by the exposure apparatus. It is
mmportant to maintain a untform or controlled CI to enable better control over the

nicroelectronic features printed on the water.

SUMMARY
In sonte general aspects, a method mcludes: producing, from the pulsed optical source, a
pulsed light beam; directing the pulsed light beam toward a substrate mounted 0 a stage of a
lithography exposure apparatus; performing a scanning operation between the pulsed light beam
and the subsirate, wherein the scanning operation comprises projecting the pulsed light beam
onte each sub-area of the substrate and moving one or more of the pulsed hight beam and the

substrate refative to each other; determining a value of a vibration of the stage for each sub-area
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of a substrate; for each sub-area of the substrate, determining an amounnt of adjustment to a
bandwidth of the pulsed light beam, the adjustment amount compensating for a variation m the
stage vibration so as to mamtain a focus bha within a predetermimed range of values across the
substrate; and changing the bandwidth of the pulsed light beam by the determined adjustment
amonnt as the pulsed light beam 1s exposing a substrate to thereby compensate for the stage
vibration variations.

Iaplementations can mclude one or more of the following features. For example, the
amount of adjustment to the bandwidth in a particular sub-area can be determined by accessing a
fookup table to determine & value of the bandwidth that maintains an effective stage vibration
constant. The method can include creating the lookup table prior to directing the pulsed light
beam towsard the substrate,

The value of the stage vibration for each sub-area of a subsirate can be determined by
determuning the value of the stage vibration for each sub-ares of the substrate afier g scanning
operation has been performed between the puolsed Hight beam and the substrate. The bandwidth of
the pulsed light beam can be changed by the determined adjustment amount as the pulsed light
beam is exposing a substrate by changing the bandwidth of the pulsed light beam by the
determined adjustment amount as the pulsed light beam is exposing a substrate that has not yvet
been scanned by the pulsed Hight beam.

The amount of adjustment to the bandwidth of the pulsed light beany can be determined
prior to directing the pulsed light beam toward the substrate. The amount of adjustiuent to the
bandwidih of the pulsed light beam can be determined while the pulsed lght beam is directed
toward the substrate and at each sub-area of the substrate.

The bandwidth of the pulsed light beam can be changed by adjusting one or more optical
components of a spectral feature selection apparatus. The one or more optical components of the
spectral feature selection apparatus can be adjusted by rotating and translating a prism of the
spectral feature selection apparatus.

The tocus blur can be maintained within the predetermined range to mamtain a criticgl
ditnension of a feature formed in the substrate to within a predetermined range.

The bandwidth of the pulsed light beam can be changed by changing the bandwidth in

between bursts of pulses of the pulsed light beam.
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The method can include measuring a bandwidth of the pulsed light beam that s directed
toward the substrate, and adjusting the bandwidth of the pulsed light beam if the measured
bandwidih 1s outside an acceptable range of bandwadths.

In other peneral aspects, an apparatus includes: an optical source producing a pulsed light
beamy; a beam directing system directing the pulsed light beam toward a substrate mounted to a
stage of a lithography exposure apparatus; a scanning system configured to project the pulsed
light beam onto each sab-area of the substrate and move one or more of the pulsed hight beam
and the substrate relative to each other; a metrology apparatus configured to determine a value of
a vibration of the stage for each sub-area of a substrate; and a control system connected to the
optical source, the scanning system, and the metrology apparatus. The control system is
configured to; receive the determined values of the stage vibration for each sub-area from the
metrology apparatus; for each sub-area, determine an amount of adjustivent to a bandwidth of
the pulsed light beam, the adjustment amount compensating for a variation i the stage vibration
so as to mamtain a focus blur within a predetermined range of values across the substrate; and
send a signal to the optical source to modify the bandwidth of the pulsed light beam by the
determined adjustment amount as the pulsed light beam 1s exposing a subsirate to thereby
compensate for the stage vibration variation.

Implementations can include one or more of the following features. For example,
scanming system can be configured to move one or move of the pulsed light beam and the
substrate relative to each other along a lateral plane. The lateral plane 15 perpendicular ©o an axisl
direction along which the pulsed hght beam ix directed, and the metrology apparatus can be
configured to deternune the value of the vibration of the stage along the axial direction,

The apparatus can include a spectral feature selection apparatus configured to select a
spectral feature of the pulsed light beam, the spectral feature selection apparatus mchuding a set
of optical componenis arranged in the path of the pulsed light beam, wherein the control system
is connected to the speciral feature selection apparatus. The control system can send a signal to
the optical source to modify the bandwidth of the pulsed hight beam by sending a signal to the
spectral feature selection apparatus 1o move at feast one optical component 1o thereby change the
bandwidth of the pulsed haht beam. The set of optical components of the spectral feature
selection apparatus can include at feast one prism, and the conirol system can send the signal to

the spectral feature selection apparatus to move the at least one optical component to thereby
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change the bandwidth of the pulsed hight beam by sending a xignal to a rapid actuator associated
with the at least one prism to cause the prism to rotate to thereby change the bandwidth.

The set of optical components of the spectral feature selection apparatus can include a
dispersive optical element arranged to interact with the pulsed light beam, and a plurality of
prisms arranged in the path of the palsed hght beam between the dispersive optical element and
the optical source.

The spectral featare selection apparatus can include an actuation system including at least
one rapd actuator associated with a prism and configured to rotate the assoctated prism to
thereby adjust a spectral feature of the pulsed Light beam.

The rapid actaator can include a rotation stage that rotates about a rotation axis and
mcindes a region that is mechanically linked to the prism. The rotation stage can be configured

to rotate about the rotation axis along a full 360” of angle of rotation.

DESCRIPTION OF DRAWINGS

Fig. 1 1s a block diagram of a photolithography system producing a pulsed light beam that
1s directed to a photolithography exposure apparatus;

Fig. 2 1s a schematic drawing depicting a map of a wafer that is imaged within the
photolithography exposure apparatus of Fig. 1, the map showing the sub-areas of the wafer;

Fig. 3 1s a graph of an exemplary optical spectrum of the pulsed light beam produced by
the photolithography system of Fig. 1¢

Fig. 4 1s a block diagram of an exemplary photolithography exposure apparatus that can
be used i the photolithography system of Fig, 1;

Fig. SA is a block diagram of an exemplary spectral feature selection apparatus that can
be used in the photolithography svstem of Fig. 1;

Fig. 5B is a block diagram of an exemplary prism within the spectral feature selection
apparatus of Fig. 34, and showing a beam magnification and beam refraction angle through the
prism;

Fig. 6A is a block diagram of exemplary spectral feature selection apparatus that includes
a rapid actuator associated with at least one of the prisms and can be used in the

photolithography system of Fig. 1;
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Fig. 6B is a view taken along the 6B-68 section of one of the prisms of the apparatus of
Fig. 6A;

Fig. 6C i3 a view along the Zgy divection of the prism of Fig. 6B showing rotation of the
prism;

Fig. 7A is a block diagram of exemplary spectral feature selection apparatus that inchudes
a rapid actuator associated with at least one of the prismis and can be used in the
photolithography system of Fig. 1;

Fig. 7B 15 a view taken along the 7B-7B section of one of the prisms of the apparatus of
Fig. 7A;

Fig. 7C is a view along the Zsp direction of the prism of Fig. 7B showing rotation of the
prisny;

Fig. 818 a block diagram of an exemplary optical source that can be used in the
photolithography system of Fig. 1;

Fig. 9 is a block diagram of an exemplary control systens that can be used in the
photolithography svstem of Fig. 1;

Fig. 10 1s a flow chart of an exemplary procedure performed by the photolithography
system of Fig. 1 to rapidly adjust a bandwidth of the pulsed ight beam to compensate fora
varigtion in stage vibration in each sub-area of the wafer;

Fig. 11 is a flow chart of an exemplary procedure performed by the photolithography
system of Fig. | to detenmine an adjustment 1o the bandwidth of the pulsed light beam for each
sub-aren of the wafer: and

Fig. 12 are graphs of exemplary relationships between stage vibrations measured for all
of the sub-areas of the wafer, and bandwidth of the pulsed bight beam that compensate for

unwanted vanations i stage vibrations.

DESCRIPTION
Referring to Fig. 1, a photolithography system 100 includes an Hlumination system 150
that produces a pulsed light bearn 110 having 8 wavelength that 15 nominally at a conter
wavelength and is directed to a photolithography exposure apparatus or scanner 115, The pulsed
fight beam 110 is used to pattern microelectronic featares on a substrate or wafer 120 that is

mounted to a stage 122 in the scanner 115, These nscroelectronic features patterned on the water
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120 are limited in size by the critical dimension (CD), and the critical dimension 13 influenced by
focus blur, which 1s a blur in the focus of the tight beam 1180 at the wafer 120, Focus blur is
caused at least in part by the effects of chromatic aberration due to the bandwidth of the hight
beam 110, the stage vibration or oscillation along the Z; direction, and a tilt of the stage 122
from the X ~Y;, plane.

The stage vibration is the vibration of the stage 122 that happens along the Z;_ direction.
The stage vibration varies across the lateral divection {across the X and Yy, divections) of the
wafer 120. For example, as shown m Fig. 2, an exemplary map 200 of a wafer 220 is shown in
which the stage vibration along the Z; direction is characterized by a moving standard deviation
{MSD)} value that is derived from a stage interferometer ervor signal, Higher values of stage
vibration blur the image and thus cause non-uniformity in the CD. The map 200 of the water 220
shows how the stage vibration varies across exposure fields 223 of the water 220, The exposure
field 223 of the wafer 220 s the area of the wafer 220 that is exposed in one scan of an exposure
shit or window.

Because the focus blur depends at least in part on the bandwidth of the light beam 110
and the stage vibration along the Zp divection, it is possible to maintain the focus blur ata
constant value by adjusting the bandwidth of the light beam as it is scanned across the wafer 220
to compensate for the variation in the stage vibration across the surface of the wafer 220, The
photolithography system 100 and associated method deseribed herein is designed to determine
the bandwidth adjustment or value at each location or sub-area (for example, cach exposure
field) of the wafer 220 that offsets the change in the focus blur otherwise cansed by the variation
in the stage vibration at that wafer sub-area to thereby maintain the focus blur and contrel the CD
across the wafer 220. The adjustment to the bandwidth occurs while the light beam 118 is being
scanned across the wafer 220, For example, under control of a spectral featiwe selection
apparatus 130, the bandwidth of the hight beam 110 can be adjusted for each sub-area {such as
gach exposure field 223) of the wafer 220,

Moreover, in order to enable the rapid adjustment to the bandwidth for each sub-area of
the water 120, 220, the spectral feature selection apparatus 130 has been redesigned to provide
for more rapid adjustment of the bandwidth of the pulsed light beam 110 while the hight beam
110 is being scanned across the wafer 120 to enable the adjustment of the bandwidth for each

L=

sub-area of the wafer 120
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Specifically, the speciyal feature selection apparatus 130 can include a coarse spectral
feature adjustment system 130A and a fine spectral festure adjustment system 130B. The coarse
spectral feature adjustment system 130A i3 used for coarse, large range, and slow control of the
spectral feature {such as the bandwidth), and is collection of optical components that inferact
with the pulsed light beam 110A prodaced by the optical source 104, The fine spectral feature
adjustment system 130B 1s used for fine, narrow range, and fast control of the speciral feature
such as the bandwadih. The fine spectral featwre adjustment system 130B can include an optical
system that interacts optically with the pulsed light beam 110A to control one or more spectral
features. The fine bandwidth adjustment system 130C can include a non-optical system that
mteracts with other aspects of the optical source 105 in a rapid mamner to control one or more
spectral features such as the bandwidth. For example, the fine spectral featore adjustment system
130C can be configured to adjust aspects of the timing associated with the gas discharge
chamber or chambers within the optical source 105 to thereby adjust the bandwidth of the pulsed
Light beam 110,

Details about the photolithography system 100 are described next. With reference again
to Fig. 1, the illumination system 150 includes an optical source 105 thai produces the pulsed
light beam 110 at a pulse repetition rate that is capable of baing changed. The illumination
system 130 includes a control system 185 that communicates with the optical source 1035 and
other features within the iflamination system 130, The itlumination system 150 also
communicates with the scanner 115 to control the operation of the iHlumination systemn 130 and
aspects of the pulsed Bght beam 11

The control system 185 is operatively connected to the pulsed optical source 105 and 1o
the spectral feature selection apparatus 130, And, the scanner 113 includes a lithography
controller 140 operatively connected to the control system 183 and components within the
scanner 115,

The pulse repetition rate of the pulsed Hight beam 110 18 the vate at which pulses of the
tight beam 110 are produced by the optical source 105, Thus, for example, the repetition rate of
the pulsed light beam 110 &5 /AL, where At is the time between the pulses. The control system
185 1s generally configured to control the repetition rate at which the pulsed Hght beam 11055
produced including modifying the repetition rate of the pulsed light bean as #t is exposmg the

wafter 120 in the scamner 115,

-
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In some implementations, the scanner 115 triggers the optical source 103 {through the
communication between the controller 140 and the control system 185} to produce the pulsed
light beam 110, so the scanner 115 controls the repetition rate, speciral features sach as the
bandwidth or wavelength, and/or the dose by way of the controller 140 and the control system
185, For example, the controller 140 sends a signal to the control system 183 to maintain the
repetition rate of the light beam 110 within a particular range of acceptable rates. The scanner
113 generally maintains the repetition rate constant tor each burst of pulses of the light beam
110. A burst of pulses of the ight beam 110 can correspond 1o an exposwre field on the wafer
120. The exposure field is the area of the wafer 120 that is exposed in one scan of an exposuore
stit or window within the scanner 115, A burst of pulses can include anywhere from 10 to 500
pulses, for example.

As discussed, the critical dimension (CD) is the smallest feature size that can be printed
on the wafer 120 by the system 100, The CD depends on the wavelength of the light beam 110,
Thus, 11 order {0 maintain a uniform CI of the microelectronic features printed on the wafer
120, and on other wafers exposed by the svstem 100, the center wavelength of the light beam
110 should remain at an expected or target center wavelength or within a range of wavelengths
around the target wavelength. Thus, i addition to maintaining the canter wavelength at the target
center wavelength or within a range of acceptable wavelengths about the target center
wavelength, it 1s desirable to mamtain the bandwidth of the light beam 110 {the range of
wavelengths in the light beam 110) to within an acceptable range of bandwidths.

tn order 1o maintain the bandwidth of the light bearn 110 to an acceptable range, or to
adjust the bandwidth of the hight beam 110, the control system 185 s configured to determine an
amonnt of adjustment to the bandwidth of the pulsed hght beam 110. Additionally, the control
system 185 15 configured 1o send a signal to the speciral feature selection apparatus 130 to move
at least one optical component of the apparstus 130 (for example, the prism 520) 1o thereby
change the bandwidth of the pulsed light beam 110 by the determined adjustment amount as the
pulsed hight beam 110 is exposing the wafer 120 to thereby compensate for the variation m stage
vibration along the Zp direction across the surface of the wafer 220.

In some implemeniations, the bandwidth of the pulsed Light beam 110 can be changed in
between any two bursts of palses. In this example, the time that it takes for the bandwidth to be

changed from a first value © a second value and alse to stabulize at the second value should be
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less than the time between the bursts of pulses. For example, if the period of time between bursts
1s 30 mg, then the total time to change the bandwidth from a first value o a second value and
stabilize at the second value should be less than 30 ms. The time that it takes for the bandwidth
to be changed from a first value 1o a second value and also to stabilize at the second value can be
as low ax S0 milliseconds {ms) in this example. In other implemeniations, i1 i3 possible to change
the bandwidth of the pulsed Light beam 110 during a burst of pulses or between exposure fields
{and not necessartly between bursts). In some umplementations, the bandwidth of the pulsed light
beam 110 can be changed m between pulses of the hight beam 110, For example, the bandwidth
can be changed by 10 femtometers {fm} 1n about tens of microseconds {us), for example, within
100 to 200 ps. In other implementations, the bandwidth of the pulsed light beam 110 is changed
field to Held {in between exposure fields); for example, the bandwidth can be changed by 100 fn
i about 10 t0 15 ms.

The control systenm 185 and the spectral foature selection apparatus 130 are designed to
enable such a rapid change of the bandwidth, as discussed m detail below,

The controller 140 of the scanner 115 sends a signal 1o the control system 185 1o adjust or
modify an aspect {such as the bandwidth or the repetition rate) of the pulsed light beam 110 that
is being scanned across the wafer 120. The signal sent to the control system 183 can cause the
control system 185 to modify an elecirical signal sent to the pulsed optical source 105 or an
electrical signal sent to the apparatus 130, For example, if the pulsed optical source 103 includes
a gas laser amplifier then the electrical signal provides a pulsed current to electrodes within one
or more gas discharge chambers of the pulsed optical source 103,

The wafer 120 is placed on the wafer stage 122 (also referred to as a table) and the stage
122 is comnected to a postioner configured to accwrately position the wafer 120 in accordance
with certamn parameters and under control of the controller 140,

The photolithography svstem 100 can also include the measorement system 170, which
can inchude a sub-system that measures one or more spectral features (such as the bandwidth or
wavelength) of the light beam 110, Because of various disturbances applied to the
photolithography svsterms 100 during operation, the value of the spectral feature (such as the
bandwidth or the wavelength) of the light beam 110 at the wafer 120 mav not correspond o or
match with the desived speciral feature {ihat is, the spectral feature that the scanner 115 expects).

Thus, the spectral feature {(such as a characteristic bandwidth) of light beam 110 1s measured or

9
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estimated during operation by estimating 2 value of a matric from the optical spectrum so that an
operator or an automated system {for example, a feedback controller) can use the measured or
estimated bandwidth to adjust the properties of the optical source 103 and to adjust the optical
spectrum of the light beam 110, The sub-svstem of the measurement system 170 measures the
spectral feature {such as the bandwidth and/or the wavelength} of the light beam 110 based on
this optical spectrum.

The measurenent system 170 receives a portion of the hight beam 1190 that 1s redivected
from a beam separation device that 1s placed in a path betwesn the optical source 105 and the
scanner 115, The beam separation device directs a first portion or percentage of the light beam
110 mto the measurement system 170 and divects a second portion or percentage of the light
beam 110 toward the scanner 115, In some implementations, the majority of the light beam 110
1s directed m the second portion toward the scanner 115, For example, the beam separation
device directs a fraction {for example, 1-2%) of the light beam 110 imto the measurement system
170. The beam separation device can be, for example, a beam splitter.

‘The pulses of the light beam 110 are centered around a wavelength that is in the deep
ultraviolet (DUV) range, for example, with wavelengths of 248 nanometers (nm) or 193 am. The
stze of the microglectronic features patternad on the wafer 120 depends, among other things, on
the wavelength of the pulsed light beam 110, with a lower wavelength resulting in a small
mininum feature size or critical dimension. When the wavelength of the pulsed light beam 110
1s 248 g or 193 nm, the nuninum size of the microelectronic features can be, for example, 50
nnt or less. The bandwidih that 15 used for analvsis and countrol of the pulsed Hght beam 110 can
be the actual, instantaneous bandwidth of s optical spectrum 300 {or emission spectrum}, as
shown in Fig. 3. The optical spectram 300 contains information about bow the optical energy or
power of the light beam 110 is distributed over different wavelengths {or frequencies).

The hight beam 110 is directed through s beam preparation system 112, which can
mctude optical elentents that modify aspects of the light beam 110, For example, the beam
preparation system 112 can include reflective and/for refractive optical elements, optical pulse
stretchers, and optical apertures {(inchiling automated shutters).

The illumination system 150 melndes a spectral feature selection apparatus 130, The
spectral featare selection apparatus 130 s placed at a first end of the optical sowrce 15 to

tnteract with a light beam 110A produced by the optical source 105, The light beam 110A 15 a

10
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beam produced at one end of the resonators within the optical source 105 and can be a seed beam
produced by a master oscillator, as discussed below. The spectral feature selection apparatus 130
1s configured to finely tune the spectral properties of the pulsed light beam 110 by tuming or
adjusting one or more spectral features (such as the bandwidth or wavelength) of the pulsed light
beam 11DA.

Referring also to Fig. 4, the wafer 120, 220 is irvadiated by the light beam 110, The
lithography exposure apparatus 115 mcludes an optical arrangement that includes an iflaminator
system 129 having, for example, one or more condenser lenses, a mask 134, and an objective
arrangement 132, The mask 134 15 movable along one or more directions, such as slong a 75,
direction (which generally corresponds 1o the axial direction of the light beam 110 or inan X -
Y. plane that is perpendicular to the £y, direction. The objective arrangement 132 ncludes a
projection lens and enables the image transfer to occur from the mask 134 1o the photoresist on
the water 120. The tHuminator system 129 adjusts the range of angles for the light beam 110
impinging on the mask 134, The iHluminator system 129 also homogenizes (makes uniform) the
mtensity distribution of the light beam 110 across the mask 134.

The hthography apparatus 115 can include, among other features, a lithography controller
140, air conditioning devices, and power supplies for the various electrical components, The
lithography controlier 140 controls how layers are printed on the wafer 120,

In some implementations, an inmersion medium can be supplied to cover the wafer 120,
The immersion medium can be g lguid (such as water) for higuid immersion lithography, In
other implementations in which the hithography is a dry system, the inuversion medium canbe a
zas such as dry nitrogen, dry air, or clean air. In other implementations, the wafer 120 can be
exposed within a pressure~controlled environment {such as a vacoum or partial vacuum}.

Referring agam to Fig. 4, a process program or recipe detenmines the length of the
exposure on the wafer 120, the mask 134 ased, as well as other factors that affect the exposure.
During hithography, a plurality of pulses of the light beam 110 tlhuminate the same area of the
wafer 120 to form an ilumination dose. The number of pulses N of the light beam 110 that
HHhuminate the same area can be referred (o as an exposure window 400 and the size of the
window 400 can be controlled by an exposure sht 405 placed before the mask 134, The slit 403
can be designed like a shuiter and can include a plarality of blades that can be opened and

closed. And, the size of the exposed area 1s determined by the distance between the blades in the

1t
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non-scanning direction and also by the length (distance) of the scan i the scanning direction. In
some implementations, the valoe of N is in the tens, for example, from 10-100 pulses. In other
implementations, the value of N 18 greater than 100 pulses, for example, from 100-500 pulses.

One or more of the wafer stage 122, the mask 134, and the objective arrangement 132 are
fixed to associated actuation systems to thereby form a scanning arrangement. In the scanning
arrangement, one or more of the mask 134, the objective arrangement 132, and the wafer 120
{via the stage 122} are moved relative to each other during the exposure to scan the exposure
window 400 across an exposure freld 223,

Referring again to Fig. 1, the photolithography svstem 100 also includes a water
metrology apparatus 145 that is configured to determine a value of the stage vibration in the Z
divection for cach sub-area (for example, for each exposure field 223} of the wafer 120, 220, The
metrology apparatus 145 is connected fo the control system 183 50 that the control system 185
recerves the valoes of the stage vibration in the Zy direction for each wafer sub-area. The control
system 185 can store the values of the stage vibration in the 7y direction for each wafer sub-area.

In some implementations, the metrology apparatus 145 is configured to be used in an
offline mode in which the water 120, 220 s analyzed after or before the wafer 120, 220 has been
patterned by the light beam 110, The data obtained by such a scan can be used by the control
system 185 for one or more wafers that will be scanned in the futare. The data obtained by such a
scan can be used to create a correction map of the wafer 120, 220 that can be used for the next
water o be scanned,

fn other implementations, the metrology apparatus 1458 is used in an onling mode in
which the wafer 120, 220 is analyzed while the wafer 120, 220 is being patterned by the hight
beam 114 For example, the exposure field of the wafer 120, 220 could be probed in between
bursts of the light beam 110 or another aspect of the scanner 115 that indicates the stage
vibration in the Z;, direction can be probed during scanning of the wafer 120, 220,

The metrology apparatus 1435 can be any apparatus that can probe the stage vibrations. In
some implementations, the metrology apparatus 145 includes an interferometer that measures
small displacements or and surface fregularities on the swrisce of the wafer 120 at each wafer
sub-area {such as each wafer exposure field 223). From this data, 2 moving standard deviation

{MSD} value along the Z;, divection at each wafer sub-area (such as each wafer exposure field



10

i5

20

25

30

WO 2018/075244 PCT/US2017/055141

223} can be derived and the value of the MSDyy can be considered to represent the stage
vibration along the Z;, direction.

As another exaniple, the metrology apparatus 145 can be the scanner 115, which can
perform probe the wafer 120 before exposure or between scans of the wafer {20,

The metrology apparaius 145 can be a selftcontained system such as a high resolution
scanning electron microscope {(SEM) that is designed for hugh resolution imaging, 1o be able 1o
display feature sizes of less than, for example 1 nim. The SEM is a type of electron microscope
that produces images of a sample (in this case, the wafer 120} by scanning the wafer 120 with a
focused beam of electrons. The SEM can achieve resolution better than 1 nanometer (nm}.

The metrology apparatus 143 can employs scanning white hight interferometry, which
provides guantitative noncontact, three dimensional measurements of the water 120, In this
technique, 8 white light beam passes through a filter and then a microscope objective lens to the
surface of the water 120, The hight reflecting back from the surface of the wafer 120 is combined
with a reference beam and captured for software analysis within the apparatus 145, After
obtaining data for each point, the apparatus 145 can generate a three dimensional unage
{topography) of the surface of the wafer 120, Such a topographical map of the wafer 120 enables
the measurement of stage vibration.

In other implementations, the metrology apparatus 143 is a scatterometer that transmits a
pulse of energy toward the wafer 120 and measures the reflected or diffracted energy from the
wafer 120,

Refernng to Fig. 3A w some implementations, the spectral feature selection apparatus
130 mcludes a set of optical features or components 500, 305, 510, 515, 520 arranged 10
optically interact with the pulsed hight beam 110A and a control module 530 that mclades
electronics in the form of any combination of fiomware and software. The optical components
500, 505, 510, 515, 520 can be configured to provide a coarse spectral feature adjustment system
130A {shown in Fig. 1); and, if the adjustment of such components is rapid enongh, it can be
configured to provide a fine spectral feature adjustment system 130B (shown mn Fig. 1),
Although not shown 1n Fig. 3A, it is possible for the spectral feature selection apparatus 130 1o
mchde other optical features or other non-optical features for providing fine spectral feature

control.
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The control module $50 is connected to one or more actuation systems S00A, 5084,
S10A, S15A, S20A physically coupled to respective optical components 500, 505, 510, 515, 520,
The optical components of the apparatus 130 inclode a dispersive optical element 500, which can
be a grating, and a beam expander 501 made of a set of refractive optical elements 505, 510, 515,
5240, which can be prisms. The grating 500 can be a reflective grating that is designed to disperse
and reflect the light beam 110A; accordingly, the grating 500 s made of a matenal that is
suttable for interacting with a palsed hght beam 110A having a wavelength i the DUV range.
Each of the prisms 505, 310, 515, 520 is a transmuissive prism that acts to disperse and redirect
the light beam 1104 as it passes through the body of the prism. Bach of the prisms can be made
of a material (such as, for example, calcmm fluoride) that permits the transmission of the
wavelength of the light beam 110A.

The prism 320 is positioned farthest from the grating 300 while the prism 505 is
positioned closest to the grating 500. The pulsed light bearn 110A enters the apparatus 130
through an aperture 555, and then travels through the prism 520, the prism 510, and the prism
503, in that order, prior to impinging vpon a diffractive surface 502 of the grating 500, With each
passing of the beam 110A through a consecutive prism 520, 515, 510, 505, the Hight beam 110A
is optically magnified and redivected (refracted at an angle) toward the next optical component.
The light beam 1104 is diffracted and reflected from the grating 500 back through the puism
503, the prism 510, the prism 515, and the prism 520, in that order, prior to passing through the
aperture 555 as the light beam 110A exits the apparatus 130, With each passing through the
consecutive prisms 5303, 310, 515, 520 from the grating 300, the light beam 110A is optically
compressed as it travels toward the aperture 555,

Referring to Fig. 5B, the rotation of a prism P (which can be any one of prisms 505, 510,
S15, or 520) of the beam expander 501 changes an angle of incidence at which the light beam
110A mmpinges upon the entrance surface H(P) of that rotated prism P. Moreover, two local
optical qualities, namely, an optical magnification OM(P} and a beam refraction angle &(P}, of
the light beamn 110A through that rotated prism P are functions of the angle of incidence of the
light beam 110A impinging upon the entrance sarface H(P) of that rotated prism P. The optical
magaification OM{P} of the light beam 1HOA through the prism P is the ratio of a transverse
wide Wo(P) of the light beam 110A exsting that prism P to a transverse width Wi(P) of the light

beam 110A entering that prism P
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A change i the Jocal optical magnification OM(P) of the light beams 1104 at one or more
of the prisms P within the beam expander 501 causes an overall change in the optical
magnification OM 568 of the light beam 110A throogh the beam expander 301, The optical
magnification OM 365 of the light beam 110A through the beam expander 301 is the ratio of the
transverse width Wo of the light beam 1104 exiting the beam expander 501 to a transverse width
Wi of the light beam 110A entering the beam expander 501,

Additionally, a change in the local beam refraction angle 8(P) through one or more of the
prisms P within the beam expander 501 causes an overall change i an angle of incidence of 562
of the light beam 110A at the surface 302 of the grating 500.

The wavelength of the Hght beam 110A can be adjusted by changing the angle of
incidence 562 at which the light beam 1 10A impinges upon the diffractive surface 302 of the
grating 500, The bandwidth of the light beam 1 10A can be adjosted by changing the optical
magnification 3635 of the light beam 110,

The spectral feature selection apparatus 130 is redesigned to provide for more rapid
adjustment of the bandwidih of the pulsed Light beam 110 while the light beam 110 is being
scanned across the wafer 120 by the scanner 115, The spectral feature selection apparatus 130

can be redesigned with one or more new actuation svstems for more effectively and more rapidly

A
L

rotating one or more of the optical components 300, 505, 514, 815, 520

2

For example, the spectral feature selection apparatus 130 includes a new actuation system
S20A for more effectively and more rapidly rotating the prism 520, The new actuation system
520A can be designed in a manner that increases the speed with whuch the prism 320 15 rotated.
Specifically, the axis of rotation of the prism 320 mounted {o the new actuation system 3204 s
parallel with a rotatable motor shatt 522A of the new actuation system 5204, In other
implementations, the new actuation system 5204 can be designed to include an arm that is
physically linked to the motor shaft 522A at one end and physically linked to the prism 520 at
the other end to provide additional leverage for rotating the prism 520, In this way, the optical
magnification OM of the hight beam 110A is miade to be more sensitive to rotation of the prism

520.

¥

x

In some implementations, the prism 803 is flipped relative to the prior design of the beam
expander to provide for more rapid adinstment of the bandwidth. In these cases, the bandwidth

change becomes relatively faster (when compared with prior designs of the apparatas 130) with a

pa—
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relatively smaller rotation of the prism 520, The change m optical magnification per unit rotation
of the prism 520 is increased in the redesigned spectral featare selection apparatus 130 when
compared with prior spectral feature selection apparatuses.

The apparatus 130 is designed to adjust the wavelength of the hight beam 110A that is
produced within the resonator or resonators of the optical source 105 by adjusting an angle 562
of incidence of at which the hght beam 110A mapinges upon the diffractive surface 502 of the
grating 300. Specifically, this can be done by rotating one or more of the prisms 305, S10, 515,
520 and the gratimg 500 to thereby adjust the angle of incidence 5362 of the light beam T110A.

Moreover, the bandwidth of the hight beam 110A that 15 produced by the optical source
105 15 adjusted by adjusting the optical magnification OM 563 of the light beam 110A, Thus, the
bandwidth of the light beam 110A can be adjusied by rotating one or more of the prisms 503,
510, 518, 520, which causes the optical magnification 565 of the light beam 110A to change.

Because the rotation of a particular prism P causes a change in both the local beam
refraction angle 8(P) and the local optical magnification OM(P) at that prism P, the control of
wavelength and bandwidth are coupled m this design.

Additionally, the bandwidth of the Light beam 110A 15 relatively sensitive o the rotation
of the prism 520 and relatively msensitive o rotation of the prism 305, This is because any
change in the local optical magnification OM{(520) of the light beam 110A due 1o the rotation of
the prism 520 1s multiphied by the product of the change i the optical magmification OM({315},
OM(510), OM{5035), respectively, inthe other pristas 815, 510, and 505 becanse those prisms arg
between the rotated prism 520 and the grating 500, and the hght beam 110A must travel throngh
these other prisms 515, 510, 303 after passing through the prism 520. On the other hand, the
wavelength of the light beam 110A is relatively sensitive to the rotation of the prism 505 and
relatively msensitive to the rotation of the prism 520,

For example, in order to change the bandwidth without changing the wavelength, the
optical magmification 365 should be changed without changing the angle of incidence 562, and
this can be achieved by rotating the prism 520 by a large amount and rotating the prismy 505 by a
small amount.

The control module 350 15 connected o one or more actuation systems 3004, 5054,
STOA, 5154, 520A that are physically coupled to respective optical components 500, 505, 510,

515, 520. Although an actuation svstem is shown for each of the optical components it is
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possible that some of the optical components in the apparatus 130 are either kept stationary or
are not physically coupled o an actuation system. For example, in some implementations, the
grating 300 can be kept stationary and the prism §15 can be kept stationary and not physically
coupled to an actuation system.

Fach of the actuation systems 5004, 5054, S104, S154, 320A includes one or mose
actuators that are connected to their respective optical components. The adjustment of the optical
components caases the adjustment 1o the particular spectral features (the wavelength andfor
bandwidth) of the light beam 110A. The control module 5350 recerves a control signal from the
control system 185, the control signal including specific conmmands to operate or control one or
more of the actuation systems. The actuation systems can be selected and designed to work
gooperatively.

Each of the actuators of the acteation systems 300A, 5054, 510A, 515A,520A 152
mechanical device for moving or controlling the respective optical component. The actuators
receive energy from the module 350, and convert that energy into some kind of motion imparted
to the respective optical component. For example, the actuation systems can be any one of force
devices and rotation stages for rotating one or more of prisms of a beam expander. The actuation
systems can include, for example, motors such as stepper motors, valves, pressure-controlled
devices, piezoelectnic devices, linear motors, hydranlic actoators, voice coils, ete.

The grating 300 can be a high blaze angle Echelle grating, and the light beam 110A
mcident on the grating 500 at any angle of incidence 562 that satisfies a grating equation will be
reflected {diffracted). The grating equation provides the relationship between the spectral order
of the grating 500, the diffracted wavelength (the wavelength of the diffracted beam), the angle
of incidence 362 of the light beam 110A onto the grating 300, the angle of exat of the light beam
110A diffracted off the grating 500, the vertical divergence of the light beam 1 10A incident omo
the grating 500, and the groove spacing of the diffractive surface of the grating 500. Moreover, if
the grating 500 is used such that the angle of incidence 562 of the light beam 110A onto the
grating 500 is equal to the angle of exit of the hight beam 110A from the grating 500, then the
grating 300 and the beam expander (the prisme 3035, 510, 513, 520) are arranged in a Littrow
configuration and the wavelength of the light beam 110A reflected from the grating 500 is the
Littrow wavelength. I can be assumed that the vertical divergence of the light beam 110A

incident onto the grating 500 is near zero. To reflect the nominal wavelength, the grating 500 15

St
|
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aligned, with respect to the light beam 110A incident onto the grating 500, so that the nominal
wavelength is reflected back through the beam expander (the prisms 505, 510, 515, 520} to be
amplified i the optical source 108, The Littrow wavelength can then be tuned over the entive
gain bandwidth of the resonators within optical source 105 by varying the angle of incidence 562
of the light beam 110A onto the grating 500.

Each of the prisms 503, 510, 515, 520 is wide enough along the transverse direction of
the hght beam 110A so that the hght beam 1104 is contained within the sarface at which i
passes. Each prism optically magnifies the light beam 110A on the path toward the grating 500
from the aperture 5335, and therefore each prism is successively larger in size from the prism 320
to the prism 305, Thus, the prism 503 is farger than the prism 510, which is larger than the prism
5135, and the prism 520 is the smallest prism.

The prism 520 that s the farthest from the grating 500, and is also the smallest i size, 18
mounted on the actugtion systerm 5204, and specifically to the rotation shaft 5224, which causes
the prism 520 {o rotate, and sach rotation changes the optical magnification of the light beam
HOA impinging upon the grating 300 to thereby modify the bandwidth of the light beam 110A
output from the apparatus 130, The actuation sysiem 520A is designed as a rapid actuation
system S20A because it includes a rotary stepper motor that includes the rotation shaft 5224 o
which the prism 520 is fixed. The rotation shaft S22 A rotates about its shaft axis, which is
parallel with the rotation axis of the prism 320. Moreover, because the actuation system 5204
mchudes the rotary stepper motor, it lacks anv mechanical memory and also lacks an energy
ground state. Each location of the rotation shaft 322A is at the same energy as each of the other
locations of the rotation shaft 322A and the rotation shaft 522A lacks a preferred resting location
with a low potential energy.

Referring to Figs. 6A and 6B, in a first implementation, a specteal feature selection
apparatus 630 is designed with a grating 600 and four prisms 605, 610, 615, 620. The grating
600 and the four prisms 603, 610, 615, 620 are configured to interact with the light beam 110A
produced by the optical source 105 after the light beam 1HOA passes through an aperture 655 of
the apparatus 030, The light bean 110A wavels along a path inan Xge-Yer plane of the apparatus
630 from the aperture 055, through the prism 620, the prism 615, the prism 610, the prism 605,
and then is reflected from the grating 600, and back through the prisms 603, 618, 615, 620 before

exiting the apparatus through the aperture 635,



10

i5

20

25

30

WO 2018/075244 PCT/US2017/055141

The prisms 603, 610, 615, 620 are right-angled prisms through which the pulsed light
as it passes through each right-angled prism. The night-angled prism 620 that is farthest from the
dispersive optical element 600 has the smallest hypotenuse of the plurality, and each consecutive
right-angled prism closer to the dispersive optical element 600 has a larger or same size
hypotenuse than the adjacent right-angled prism that is farther from the dispersive optical
element.

For example, the prisn 603 that is closest o the grating 600 1§ also the largest in size, for
example, its hypotenuse has the largest extent of the fowr prisins 605, 610, 615, 620. The prism
620 that is farthest from the grating 600 is also the smallest in size, for example, its hypotenuse
has the smallest extent of the four prisms 603, 610, 615, 620. | is possible for adjacent prisims ©
be the same size. But, each prism that is closer to the grating 600 should be at least as large or
greater than in size its adjacent prism because the light beam 110A is optically magnified as
travels through the prism 620, the prism 615, the prism 610, and the prism 608, and thus the
transverse extent of the light beam 110A enlarges as the Hght beam 110A gets closer to the
grating 600, The transverse extent of the light beam 110A is the extent along the plane that s
perpendicular to the propagation direction of the light beam 110A. And, the propagation
direction of the light beam 110A is in the Xsp-Yyr plane of the apparatus 630.

The prism 603 is physically coupled to an actuation system 605A that rotates the prism
6505 about an axis that is parallel with the Zyp axis of the apparatus 630, the prism 610 55
physically coupled to an actuation system 610A that rotates the prism 610 showt an axis that is
paratlel with the Zgp axis, and the pusm 620 is physically coupled to a rapid actuation systemn
620A. The rapid actuation system 620A 13 configured to rotate the prism 603 about an axis that is
parallel with the Zgp axis of the apparatus 630,

The rapid actuation system 620A includes a rotary stepper motor 621 A that has a rotation
shaft 622A and rotation plate 623 A fixed to the rotation shaft 622A. The rotation shaft 622A and
therefore the rotation plate 623A rotate about a shaft axis AR that is parallel with a center of
mass {that corresponds to 3 rotation axis AP} of the prism 620 and is also paratlel with the Zg
axis of the apparatus 630. Although not necessary, the shaft axis AR of the prism 620 can
correspond with or align with the center of mass {the rotation axis AP) of the prism 620 along the

Xae-Ysp plane. In some implementations, the center of mass {or rotation axis AP) of the prisin
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620 15 offset from the shaft axis AR along the Xee-Y o plane. By offsetting the shaft axis AR
from the prism 620 center of mass, the position of the light beam 110A can be adjustedtobe at s
particular position on the surface of the grating 600 whenever the prism 620 is rotated.

By mounting the prism 620 to the rotation plate 6234, the prism 620 i3 directly rotated
about its rotation axis AP as the shaft 6224 and rotation plate 623A are rotated about their shaft
axis AR. In this way, rapid rotation or control of the prism 620 is enabled when compared with a
system that uses a linear stepper motor having a hnearly transiatable shaft (that is converted into
a rotational motion using a flexure). Because a rotational step of the shaft 622A {and plate 6234}
directly correlates to a rotational step of the prism 620 (without the imparting any a hinear
motion}, the rotary stepper motor 621A is able to rotate the prism 620 at a speed that enables
more rapid adjustment of spectral foatures (such as the bandwidth) of the hight beam 110A and
therefore the hight beam 110, The rotary design of the stepper motor 621 A mmparts a purely
rotational motion o the prism 620, which s mounted without the use of any Hinear motion or
flexure motion that are found on prior actvators for the prism 620, Moreover, the ase of a rotary
shaft 622A enables the prism 620 to be rotated about a full 3607, unlike the prior actuator that
used a linear stepper motor plus a flexure design (in which the prism 62¢ counld only be rotated
about the angle determined from the flexwre). In some mplemendations, 1o order {o achieve a
tuning of the bandwidth of the light beam 110A m an acceptable range, the prism 620 is capable
of being rotated by 15 degrees. The prism 620 can be rotated by larger than 15 degrees though it
1s not necessary with the current bandwidth range requirements.

In some impleraentations, the stepper motor 621A can by g direct drive stepper motor. A
direct drive stepper motor is a conventional electromagnetic motor that uses a buit-in step motor
functionality for position comirol. In other implementations it which a higher resolution in
motion may be needed, the stepper motor 6214 can use a piezoelectric motor technology.

The stepper motor 621A can be a rotary stage that is controlled with a motor controlier
using a vanable-freguency drive control method to provide the rapid rotation of the prism 620,

As discussed above, the advantage of using a rotary stepper motor 621 A is to obtain more
rapid rotgtion of the prism 620 because the rotation axis AP of the prism 620 i parallel with the
rotational shaft 6224 and also the shaft axis AR, Thus, for every unit rotation of the shaft 6224
the prsm 620 rotates by an mcremental unit and the prism 620 rotates as fast as the rotational

shaft 6224 can rotate. In some implementations, in order to increase the stability of this
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configuration, and increase the stability of the prism 620, the rapid actuation system 6204
includes a position monitor 624A that is configured 1o detect a position of the rotational shaft
322A of the rotary stepper motor 621A. The error between the measuored position of the
rotational shaft 6224 and the expected or target position of the rotational shaft 622A correlates
directly with the ewor in the position of the prism 620 and thus, this measurement can be used to
determine the rotational error of the prism 620 (that 15, the difference between actual rotation and
commanded rotation) and to correct for this error daring operation.

The control module 330 is connected to the postion mouitor 624A to receive the value of
the position of the rotational shaft 622A and the control module 530 is also able to access a
stored or current value of the commanded position of the rotational shaft 622A so that the control
module 350 can perfonm the calcudation to determine the difference between the measured vatue
of the postiion and the commanded position of the rotational shaft 622A and also determine how
to adjust the rotational shaft 6224 to reduce this error, For example, the control module 550 can
determine a size of rotation as well as a direction of rotation of the rotational shaft 622A 1o offset
the error. Alternatively, it 15 possible for the control system 185 to perform this apalysis.

The position monttor 624A can be a very high resolution optical rotary encoder that s
built integrally with the rotational plate 623A. The optical rotary encoder uses optical sensing
technology and on the rotation of an internal code disc that has opaque lines and patterns on it
For example, the plate 623A 1s rotated (hence the name rotary encoder) m a beam of light such
as a light emitting dinde and the markings on the plate 623A act as shuters blocking and
unblocking the Hght. An internal photodiode detector senses the alternating Habt beam and the
encoder's electronics convert the patiern into an elecirical signal that is then passed on to the
control module S50 through the output of the encoder 6244,

In some implementations, the control module 550 can be designed with a rapid internal
dedicated controller solely for operating the rotary stepper motor 621 A. For example, the rapid
mternal dedicated controller can receive the high resolution position data from the encoder 624A
and can send a signal directly to the rotary stepper motor 621A to adjust the position of the shaft
622 A and thereby adjust the position of the prism 620.

Referning also to Fig. 6C, the iHlumination system 150 changes a spectral feature such as
the bandwidth of the light beams 110A under control of the control system 183, which interfaces

=

with the control module 550, For example, i1 order to coarsely and broadly control the
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bandwidth of the Huht beam 110A and the hight beam 110, the control module 550 sends a signal
to the rotary stepper motor 621A of the rapid actuation systern 620A (o rotate the rotational shaft
622A from a first angle 81 {on the left side of Fig. 6C} to a second angle 62 (where AB =82 -
81) (on the right side of Fig. 60C). And, this change of angle of the shaft 6224 is divectly
imparted to the plate 6234, which is fixed to the shaft 622A, and thereby also smparted to the
prism 620, which 15 fixed to the plate 623A. The rotation of the prism 620 from 81 1o 02 causes a
corresponding change in the optical magnification OM 365 of the pulsed light beam HOA that
interacts with the grating 600 from OM1 to OM2, and the change in the optical magnification
565 of the pulsed light beam 110A causes a change in the bandwidth of the pulsed lght beam
110A (and the light beam 110 as well). The range of the bandwidh that can be achieved by
rotating the prism 620 using this rapid actuation svstem 620A can be a broad range and can be
from about 100 femtometers (fim) to about 450 fm. The overall bandwidth range achievable can
be at least 250 fm.

The rotation of the prista 620 associated with the rapid actuation system 620A by one
wnit of rotation of the rotational shaft 622A causes the bandwidih of the pulsed light beam 110A
to change by an amount that is less than g resolution of a bandwidth measurement device (for
example, as a part of the measurement system 170, which 1s discussed below) that measures the
bandwidth of the pulsed light beam 110, The prism 620 can be rotated by up to 15 degrees to
achieve such a change in bandwidth. In practice, the amount of rotation of the prism 620 i3
constrained only by the optical lavout of the other components of the apparatus 630. For
example, a rotation that is too large could cause the light beam 110A to be displaced by an
amount that i3 so large that the bight beam 110A does not impinge upon the next prism 613, In
some implementations, in order to achieve g tuning of the bandwidth of the light beam 110A in
an acceptable range, the prism 620 is capable of being rotated by 13 degress, without risk of the
tight beam 110A walking off any of the other prisms 6035, 610, or 615, The prism 620 can be
rotated by larger than 15 degrees though it is not necessary with the corrent bandwidth range
requirements.

Referring again to Fig. 64, the prism 618 can be mwounted to an actuation system 610A
that causes the prisn 410 to rotate, and such rotation of the prism 610 can provide for fine
control of the wavelength of the light beam H0A. The actoation system 610A can include &

rotary stepper motor that 1s controlled with a piezoelectric motor. The piezoelectnic motor

i
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operates by making use of the converse pleroelectric effect in which a material produces acoustie
or ultrasonic vibrations in order to produce a linear or rotary motion.

The next prism 613 that is closer 1o the grating 600, and has a size that 15 either larger
than or equal to the size of the prism 620, can be fixed in space in some implementations. The
next prism 618 that is closer to the grating 600 has a size that is either larger than or equal to the
size of the prism 615,

The prism 603 that s closest to the grating 610 has a size that is either larger than or
equal to the size of the prism 610 {(the prism 603 is the largest prism of the beam expander). The
prisim 605 can be mounted 1o an actuation system 605A that causes the prism 605 to rotate and
such rotation of the prism 6035 can provide for coarse control of the wavelength of the light beam
H1OA. For example, the prism 608 can be rotated by 1-2 degrees to tune the wavelength of the
Hght beam 110A (and thus the hight beam 110} from about 193.2 nanometers (nm) to about 1935
nm. In some inplementations, the actuation system 605A includes a rotary stepper motor that
includes a mounting sorface (such as the plate 623A) to which the prism 605 1s fixed and a motor
shaft that rotates the mounting surface. The motor of the actuation system 6034 canbe a
piczoelectric motor that is fifty times faster than a prior linear stepper motor and Hexure
combination design. Like the actuation system 620A, the actuation system 603A can include an
optical rotary encoder that provides angular position feedback for the control system 185 or the
control module 650

Referring to Figs, 7A and 7B, in gnother implementation of the spectral feature selection
apparatas 730, a rapid actuation system 7204 s desigoned to rotate R the prisim 720 of a beam
expander that 1s farthest from the grating 700 about the shaft axis AR, Optionally or additionally,
the actuation system 710A associated with the prism 710 can also be a rapid actuation system
that 1s designed like the rapid actuation svstem 720A or 620A.

The apparatus 730 includes an extending arm 725A that has a first region 740A that s
mechanically Hinked to the rotational plate 723 A at the location of the shaft axis AR, The
extending arm 725A has a second region 745A that ts offket from the shaft axis AR along a
direction in the Xep-Yar plane (and thus along a divection that is perpendicular to the shaft axis
AR} so that the second region 745A is not intersected by the shaft axis AR The prisot 720 is

mechanically linked to the second region 745A.
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Both the center of mass (the prism axis AF) of the prism 720 and the shaft axis AR

-
i
{

720 1s offset from the shaft axis AR. A rotation of the extending arm 7254 about the shaft axis
AR by an angle A8 imparts a combined movement to the prism 7207 a rotation R of the prism
720 about the shaft axis AR by an angle AB (see Fig. 5C) within the Xsp-Yyy plane, and a Hnear
translation T to the prism 720 along a direction that Hes within the Xge-Ygr plane of the
apparatus 730, In the example of Fig. 7C, the prism 720 is rotated R from a first angle 81 to a
second angle 82 and is translated T from a first position Posi in the XYy plane to a second
position Pos2 in the XYy plane.

The linear translation T 1o the prism 720 thereby translates the light beam 110A along &
divection that is parallel with the tonger axis 701 of the surface 702 of the grating 700, The
longer axis 701 also hies along the Xge-Yysr plane of the apparatus 730, By performing this
transiation of the light beam 110A, it 15 possible to control which area or region of the grating
700 1s illuminated at the lower end of the range of possible optical magmfications OM.
NMorcover, the grating 700 and the surface 702 of the grating is non-uniform; namely, some
regions of the surface 702 of the grating 700 impart a different change to the wavefront of the
light beam 110A than other regions of the sarface 702 of the grating 700 and some regions of the
surface 702 impart move distortion to the wavefront of the light beam 110A than other regions of
the surface 702, The control system 185 (or control module 550} can control the rapid actuation
system 720A to thereby adjust the hinear translation T to the prism 720 and adjust the translation
of the light beam 1 10A along the longer axis 701 to take advantage of the non-umiformity of the
grating 700 surface 702 gnd itonimate a higher distortion region of the grating surfice 702 near
one end of the grating surface 702 to raise the speoiral bandwidth even more than the effect of
simply lowenng the optical magnification would achieve,

Additionally, the linear translation T to the prism 720 also transiates the hypotenuse H
{see Fig. 7C) of the prisin 720 during rotation of the prism 720 relative to the location of the hight
beam 110A. The translation to the hypotenuse H therefore exposes new regions of the
hypotenuse H to the light beam 110A during operation of the apparatus 730, Over the lifetime of
the apparatus 730, the prism 720 13 rotated from one end of #ts rotation range to the other end and
also more regions are exposed to the light beam 110A, which reduces the amount of damage

imparted to the prism 720 by the light beam 1104,
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Similar to the apparatas 630, the spectral feature selection apparatus 73( also includes a
grating 600, and the beam expander includes the prisms 708, 710, 715, which are positioned
along the path of the hight beam 110A between the prism 720 and the grating 700. The grating
700 and the four prisms 705, 710, 715, 720 are configured to interact with the lght beam 110A
produced by the optical source 108 after the hight beam 110A passes through an aperfure 755 of
the apparatus 730, The light beam 110A travels along a path in the Xg-Ygr plane of the
apparatus 730 from the aperture 755, through the prism 720, the prism 715, the prism 710, the
prisin 703, and then 15 reflected from the grating 700, and back through the consecutive prisms
705, 710, 715, 720 before exiting the apparatus 730 through the aperture 755,

Referring to Fig. 8, an exemplary optical source 803 is a pulsed laser source that
produces a pulsed laser beam as the light beam 110, The optical source 803 is a two-stage laser
system that inclades a master oscillator (M) 800 that provides the seed hight beam 110A w0 a
power amplifier (PA) 810, The master oscillator 860 tvpically includes a gain medmm in which
amphification occurs and an optical feedback mechanism such as an optical resonator. The power
amplifier 8310 typically includes a gain medivm in which amplification occurs when seeded with
the seed laser beam from the master oscillator 800, If the power amplifier 810 is designed as a
regenerative ring resopator then it is described as a power ring amplifier (PRA)Y and in this case,
enough optical feedback can be provided trom the ring design. The spectral featore selection
apparatus 130 recerves the light beam 110A from the master oscillator 800 to enable fine tuning
of spectral parameters such as the center wavelength and the bandwidih of the light beam 110A
at relatively low ouipat pulse energies. The power amplifier 810 receives the fight beam 110A
from the master oscillator 800 and amplifies this output to sttain the necessary power for output
to use in photolithography.

The master oscillator 800 mclndes a discharge chamber having two elongated electrodes,
a laser gas that serves as the gain medivan, and a fan circolating the gas between the electrodes.
A laser resonator is formed between the spectral feature selection apparatus 130 on one side of
the discharge chamber, and an output coupler 815 on a second side of the discharge chamber to
outpuet the seed light beam 110A to the powsr amplifier 810.

The optical source 805 can also include g line center analysis module (LAM]) 820 that
receives an outpt from the ouiput coupler 813, and one or more beam modification optical

systems 825 that modify the size and/or shape of the beam as needed. The line center analysis
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module 820 is an example of one type of measurement system within the measwrement system
170 that can be used to measure the wavelength (for example, the center wavelength} of the seed
light beam.

The power amplifier 810 includes a power amplifier discharge chamber, and if it is a
regenerative ring amplifier, the power amplifier alse includes a beam reflector or beam turning
device 830 that reflects the hight beam back into the discharge chamber to form a circulating
path. The power amplifier discharge chamber mcludes a pair of elongated electrodes, a laser gas
that serves as the gain medium, and a fan for circulating the gas between the electrodes. The seed
light beam 110A is amplified by repeatedly passing through the power amplifier 810, The beam
modification optical system 823 provides a way (for example, a partially-reflecting mirror} to in-
coupie the seed hight beam 1104 and to out-couple a portion of the amplified radiation from the
power amplifier to form the output light beam 110

The laser gas used m the discharge chambets of the master oscillator 800 and the power
amplifier 810 can be any suitable gas for producing a laser beam around the required
wavelengths and bandwidih. For example, the laser gas can be argon fluoride {ArF), which emits
light at a wavelength of about 193 nm, or krvpion fluoride (KiF), which emits ighi at a
wavelength of about 248 nn

The line center analysis module 820 monitors the wavelength of the output {the hight
beam 110A) of the master oscillator 80€. The line center analysis module 820 can be placed at
other locations within the optical sonrce 805, or it can be placed at the output of the pptical
source 308,

Referring to Fig. 9, details about the control system 185 are provided that relate to the
aspects of the system and method described berein. The control system 183 can mclade other
features not shown in Fig. 9. In general, the control svstem 185 includes one or more of digital
electronic circuitry, computer hardware, firmware, and software.

The control system 183 includes memory 900, which can be read-only memory andfor
random access memory. Storage devices suitable for tangibly embodying computer program
mstructions and data include all forms of non-volatile memory, including, by way of example,
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 905 (suchasa
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keyboard, touch screen, microphone, mouse, hand-held input device, ete.} and one or more
output devices 210 (such as a speaker or a monitor).

The control system 185 includes one or more programmable processors 915, and one or
more computer progran products 920 tangibly embodied in a machine-readable storage device
for execution by a programmable processor {such as the processors $15). The one or more
progranumable processors 215 can each execute a program of instructions to perform desired
functions by operating on it data and generating appropriate output. Generally, the processor
815 recerves instructions and data from memory 900, Any of the foregomg may be supplemented
by, or incorporated in, specially designed ASICs (application~-specific integrated circoits).

The control system 183 includes, among other components, a spectral feanure analysis
module 925, a metrology module 927, g lithography analysis module 930, g decision module
935, a light source actuation module 950, a hithography actuation modale 955, and a beam
preparation actuation module 960, Each of these modules can be a set of computer program
products executed by one or more processors such as the processors 218, Moreover, any of the
modules 925, 930, 935, 950, 955, 960 can access data stored within the memory 900,

The spectral feature analysis module 925 receives the onipat from the measorement
system 170, The metrology module 927 receives the data fiom the metrology apparatus 143, The
lithography analysis module 930 receives information from the lithography controller 140 of the
scamer 115, The decision module 933 receives the outputs from the analyses modules (such as
the medules 825, 927, and 930) and determines which actustion module or modules need to be
activated based on the outputs from the analyses modules. The light source actuation module 950
is connected to one or more of the optical source 103 and the spectral foature selection apparatus
130, The hthography actuation modale 935 15 connected to the scanner 115, and specifically to
the hithography controller 140, The beam preparation actuation module 960 15 connected to one
or more components of the beam preparation system 112,

While only a few modules are shown in Fig. 9, it 15 possible for the control system 185 to
include other modules. Addittonally, although the control system 185 is represented as a box m
which all of the components appear t© be co-located, it is possible for the control system 185 ©
be made up of components that are physically remote from each other. For exaaple, the light
source actuation module 930 can be physically co-located with the optical source 103 or the

spectral feature selection apparatus 130

2]
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Iy general, the control system 185 receives at least some information about the light beam
110 from the measwement system 170, and the spectral featore analysis module 925 performs an
analtysis on the information to determine how to adjust one or more spectral features (for
example, the bandwidth) of the light beam 110 supplied to the scanner 115, Based on this
determination, the control system 135 sends signals to the spectral feature selection apparatus
130 and/or the optical source 103 to control operation of the optical source 103 via the control
module 550

In general, the spectral feature analysis module 925 performs all of the analysis needed to
estimate one or more spectral features (for example, the wavelength and/or the bandwidthy of the
light beam 110. The output of the spectral feature analysis module 925 is an estimated value of
the speciral feature,

The spectral featore analysis module 925 includes a comparison block connected to
receive the estimated spectral feature and also connected to receive a spectral feature target
saloe. In general, the comparison block outputs a spectral feature error value that represents a
difference between the spectral feature target value and the estumated value. The decision module
935 recetves the spectral feature ervor value and determines how best to effect & correction to the
system 100 in order to adjust the spectral feature. Thus, the decision module 935 sends a signal
to the light source actuation module 9350, which determines how to adjust the spectral feature
selection apparatus 130 (or the optical source 105) based on the speciral feature error value. The
cutput of the light scurce getuation meodule 9530 includes g set of actugtor cormmands that are sent
to the spectral feature selection apparatus 130, For example, lght source actuation module 950
sends the commands to the control module 550, which is conngcted to the actuation systems
within the apparatus 330

The control system 183 causes the optical source 1035 1o operate at a given repetition rate,
More specifically, the scanner 115 sends a trigger signal to the optical source 105 for every pulse
{that is, on a pulse-to-pulse basis) and the time interval between those trigger signals can be
arbitrary, but when the scanner 115 sends trigger signals at regular intervals then the rate of those
signals is a repetition rate. The repetition rate can be a rate reguested by the scanner 115

The repetition rate of the pulses produced by the power amplifier 810 is determined by

the repetition rate at which the master oscillator 300 is controlled by the control system 185,
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under the instructions from the controller 140 in the scanner 115, The repetition rate of the pulses
output from the power amplifier 810 1s the repetibion rate seen by the scanner 115,

The prism 320 (or prism 620, 720) can be used for coarse, large range, slow bandwidth
control. By contrast, the bandwidth can be controlied n a fine and narrow range and even more
rapidly by controlling a differential thming between the activation of the electrodes within the
MO 800 and the PRA R10.

Referring to Fig. 10, a procedure 1008 is performed by the photolithography system 100
to reduce the impact that stage vibrations {that 1s, vibrations of the stage 122} have on the CD on
the wafer 120 to thereby improve the critical dimension uniformity (CDU).

The pulsed ght beam 110 is produced {1005) for example, by the optical source 105,
The puolsed hight beam 110 is directed toward the wafer 120, which is mounted 1o the stage 122
of the scamner 115 (1010}, For example, the palsed light beam 110 produced by the optical
source 105 is modified, as needed, and redirected by the beam preparation system 112 toward the
scanper {15,

The pulsed ight beam 110 is scanned across the wafer 120 (1015), for example, by
moving the pulsed light beam 110 and the wafer 120 relative to each other along the lateral plane
{the X1-Yy, plane). Specifically, the lithography controller 140 can send one or more signals to
the actuation systems associated with the wafer stage 122, the mask 134, and the objective
arrangement 132 to thereby move one or more of the mask 134, the objective arrangement 132,
and the wafer 120 {via the stage 122) relative to each other during the exposore to scan the
exposwre window 400 across an exposure field 223 of the water 220,

The value of the vibration of the stage 122 for each exposure field of a wafer s
determined (1020). This determimation can be performed at least in part by the metrology
apparatus 145, and the output sent to the control systent 185, This determination can be
performed prior to scanning the wafer 120 with the pulsed hight beam 110,

For each exposure field of the wafer 120, the control system 185 determines an amount of
adjustment to a bandwidth of a pulsed light beam 110 directed toward the water 120 (1025), The
adjustment amount compensates for a variation in the stage vibration n that exposure field
cutside of an accepiable range and maintains the focus blur within g predetermined range of
values across the entire wafer 120. Next, and as the pulsed light beam 110 1s being scanned

across the wafer 120, the control system 185 sends a signal to the spectral feature selection
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apparatus 130 to change the bandwidth of the pulsed light beam 110 by the determined
adjustment amount for each exposure field of the wafer 120 (1035},

Addibonally, duning the procedure 1000, the control system 183 also performs a parallel
procedure 1040 for controlling one or more spectral features of the pulsed light beam 110 while
the fight beam 110 1s being scanned across the wafer 120. The procedure 1040 includes
measuring one or more spectral features of the pulsed light beam 110 (1045) and determining
whether any of the measured spectral features are outside of an acceptable range of values
{1050} For example, the spectral feature analysis module 925 of the control system 185 can
receive the spectral feature measurement from the measurerent system 170 (1045). The spectral
feature analysis module 925 can determine whether any of the spectral features are outside an
acceptable range of values (1050). If any of the spectral features are cutside an acceptable range
of values, then those spectral features are adjosted (1053}, For example, the decision module 935
can send a signal to the hght source actuation module 950, which sends a signal to the spectral
feature selection apparatus 130 to adjust one or more spectval features of the light beam 110
(1055},

The procedure 1040 can be performed in paralie]l with the procedure 1000, for example,
during the scanning or at regular intervals, for example, for each exposure field 223. Moreover, it
is possible for the control system 185 to coordinate the adjustment to the bandwidth needed to
comnpensate for the stage vibration variation (1030} with any required adjustiuent to the
bandwidih to ensure that the bandwidth is within an acceptable range of values {1055},

Referring 1o Fig. 11, the photolithography systen 100 can perform a procedurs 10235 for
determining an amount of adjustinent to the bandwidth of the pulsed light beam 110 directed
toward the water 120 for a particular sub-area (such as an exposure field) of the water 120. Such
adjustment amount compensates for a variation in the stage vibration 1n that exposure field
outside of an acceptable range and mamtains the focus blur within a predetermined range of
values across the entive wafer 120, The procedure 1025 can be performed by the control system
185, The control system 185 accesses a lookup table (1126). The lookup table is a table or
correction map that is created based on previously determined stage vibration for the scanner 113
and it defines g relationship between the bandwidth of the hight beam 110 for each sub-area of
the wafer 120, the value of the bandwidih being selected to offset the measured value of the stage

Pes

vibration in that sub-area. The stage vibration values depend on the scanner 115 and wafer stage
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122 bemng used. Thus, the relationship between stage vibration and the sub-wrea of a wafer 120
for one particular scanner 115 and stage 122 may be different than the relationship for another
particular scanner 113 and stage 122,

Fig. 12 shows an example of how the lookup table can be created. Initially, a wafer 1201
placed in the scanner 115, and the metrology apparatus 145 probes the wafer 120 at each sab-
area to determine the stage vibration in the direction Zy, for each sub-area of the wafer 120,
Giraph 1200 shows an exemplary relationship between the mumber of occurrences {frequencies)
of various stage vibrations in Z; for all sub-areas of the wafer 120, In this example, the stage
vibration in Zy, 1s the moving standard deviation (MSD) value along the Zp direction at each
water sub-area {which can correspond to a wafer exposure field 223). This graph 1200 shows
that, in this example, the nominal MSD(Z,  value occurs at a much higher frequency than a
higher MSD(Z; ) value from the center of the wafer 120 to the edge of the wafer 120. The control
systern 185 seeks to maintamn an effective stage vibration SVE at a constant value, The effective
stage vibration 18 refated to the measured stage vibration (SVM) {such as that shown . graph

1200} and the bandwidth (BW) of the pulsed light beam 110} as follows:

SVE = JSVYM2 + (BW - C4)2,
where CA is the chromatic aberration expenienced by the pulsed light beam 110 as it is directed
toward the wafer 120, Thus, the control system 185 can calculate the BW after the graph 12001s
obtained so as to maintain a constant value of the effective stage vibration. Graph 12350 shows
the values of the BW of the hight beam 110 that can be used to offset the measured stage
vibration SVM and mamtain the effective stage vibration SVE constant.

The control system 185 reviews the lookup table (such as the graph 15300) and determines
the bandwidth that compensates for the measured stage vibration in that wafer sub-area so as to
maintain an effective stage vibration constant in that sub-ares (1028} and then outputs this value
of the determined bandwidth (1030}

fn some implementations, the lookup table can be created by the metrology apparatus 145
priot to directing the pulsed light beam 110 toward the water 120 that is currently mounted to the
stage 122, Thus, the lookup table can be created based on a prior scanned wafer 120,

Other implementations are within the scope of the following claims.
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What s clamed 13

I. A method comprising:

producing, from the palsed optical source, a pulsed bght beam;

directing the pulsed hight beam toward a substrate mounted to a stage of a lithography
exposure apparatus;

performing a scanning operation between the pulsed light beam and the substrate,
wherein the scanning operation comprises projecting the pulsed light beam onto each sub-area of
the substrate and moving one or more of the pulsed hight beam and the substrate relative to each
other;

determining a value of a vibration of the stage for each sub-area of a substrate;

for cach sub-area of the substrate, determining an amount of adjustiment to a bandwidth
of the pulsed light beam, the adjustient amount compensating for a variation m the stage
vibration so as 1o maintain g focus blur within g predetenmined range of values across the
substrate; and

changing the bandwidth of the pulsed light beam by the determined adjustiment amount as
the pulsed hght beam is exposing a substrate to thereby compensate for the stage vibration

variations.

2. The method of claim 1, wherein determining the amount of adjustiuent to the
bandwidth i a particular sub-area comprises accessing 8 fookup table to deternine g value of the

bandwidih that nwaintains an effective stage vibration constant.

3. The method of claim 2, further comprising creating the lookap table prior to directing

the pulsed hight beam toward the substrate.

4. The method of claim 1, wherein determinig the value of the stage vibration for sach
sub-area of a substrate comprises determining the value of the stage vibration for each sub-grea
of the substrate after a scanaing operation has been performed between the pulsed light beam and

the substrate.
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3. The method of claim 4, wherein changing the bandwidth of the pulsed bght beam by
the determined adjustment amotoit as the pulsed hght beam 1s exposing a substirate comprises
changing the bandwidth of the pulsed light beam by the determined adjustment amount as the

pulsed light beam is exposing a substrate that has not vet been scanned by the pulsed hght beam.

6. The method of claim 1, wherein determining the amount of adjustment 1o the
bandwadih of the pulsed light beam occurs prior to directing the pulsed light beam toward the

substrate,

7. The method of claim 1, wherein determining the amount of adjustment to the
bandwidth of the pulsed light beam occurs while the pulsed light beam is directed toward the

substrate and at each sub-area of the subsirate.

& The method of claim 1, wherein changing the bandwidth of the puldsed bight beam

comprises adjusting one or more optical components of a spectral feature selection apparatus.

9. The method of claim &, wherein adjusting one or more optical components of the
spectral feature selection apparatus comprises rotating and translating a prism of the spectral

feature selection apparatus.

10, The method of clatm 1, wherein maintaming the focus blur within the predetermined
range alse maintains a critical dimension of a feature formed m the substrate to within g

predetermined range.

t1. The method of clatm 1, wherein changing the bandwidth of the pulsed light beam

comprises changing the bandwidth in between bursts of pulses of the puised light beam.

12. The method of claim 1, further conmyprising measuring a bandwidth of the pulsad light
beam that is divected toward the substrate, and adjusting the bandwidth of the pulsed hight beam

if the measared bandwidth is outside an acceptable range of bandwidths.

[V
Lt
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13. Axn apparatus comprising:
an optical source producing a pulsed light beam;
a beam directing system directing the pulsed Light beam toward a substrate mounted to a
stage of a ithography exposure apparatus,
a scanning system configured to project the pulsed Baht beam onto each sub-area of the
substrate and move one or more of the pulsed light beam and the substrate relative to each other;
a metrology apparatus configured to determine a value of a vibration of the stage for each
sub~-area of a substrate; and
a control system connected to the optical sowrce, the scanming system, and the metrology
apparatus, and configured to:
receive the determined values of the stage vibration for each sub-areg from the
metrology apparatus;
for each sub-ares, determine an amowst of adjustment 1o a bandwidth of the
pulsed hight beam, the adjustment amount compensatig for a variation in the stage
vibration $o as 10 maintain a focus blur within a predetermined range of values across the
suhstrate; and
send a signal to the optical source to modify the bandwidth of the pulsed light
beam by the determined adjustment amount as the polsed hight beam is exposing a

substrate to thereby compensate for the stage vibration variation.

14, The apparatus of claim 13, wherein the scanning system is configured to move one or

more of the pulsed light beam and the substrate relative to each other alonyg a lateral plane.

15, The apparatus of claim 14, wheretn the lateral plane is perpendicular to an axaal
direction along which the polsed hight beam is directed, and the metrology apparatus 1s

configured to determine the value of the vibration of the stage along the axial direction.

16, The apparates of claton 13, further comprising a speetral feature selection apparatus
configured to select a spectral featwe of the pulsed habt beam, the spectral feature selection
apparatus comprising a set of optical components arranged in the path of the pulsed light beam,

wherein the control svstem is connected to the spectral feature selection apparatus.
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17. The apparatos of claim 16, wherein the control system sends a signal to the optical
sowrce to modify the bandwidth of the palsed hght beam by sending a signal to the speciral
feature selection apparatus to move at least one optical component to thereby change the

bandwidth of the pulsed light beam.

18. The apparatus of claim 17, wherein the set of optical components of the spectral
feature selection apparatus comprises at least one prism, and the control systens sends the signal
to the spectral feature selection apparatus to move the at least one optical component to thereby
change the bandwidth of the pulsed light beam by sending a signal to a rapid actuator associated

with the at least one prism {o canse the prism to rotate to thereby change the bandwidth.

19, The apparatus of claim 16, wherein the set of optical components of the speciral
feature selection apparatus comprises:

a dispersive optical element arranged to interact with the pulsed Bght beam, and

a plurality of prisms arranged in the path of the pulsed hight beam between the dispersive

optical element and the optical source.

20. The apparatus of claim 16, wherein the spectral feature selection apparatus comprises
an actuation system comprising at least one rapid actuator assocated with @ prism and
configured to rotate the associated prism to thereby adjust a spectral feature of the pulsed light

beam.

21. The sppartatas of claim 20, wheretn the rapid actuator comprises 8 rotation stage that
rotates about a rotation aas and includes a region that 13 mechanically hnked to the prism.
22. The apparatus of claim 21, wherein the rotation stage 1s configured to rotate about

the rotation axis along a full 3607 of angle of rotation.

[
LA
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