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(57) Abstract: Anintegrated circuit lithography technique called spec-
tral engineering by Applicants, for bandwidth control of an electric dis-
charge laser. In a preferred process, a computer model is used to model
lithographic parameters to determine a desired laser spectrum needed to
produce a desired lithographic result. A fast responding tuning mecha-
nism is then used to adjust center wavelength of laser pulses in a burst
of pulses to achieve an integrated spectrum for the burst of pulses ap-
proximating the desired laser spectrum. The laser beam bandwidth is
controlled to produce an effective beam spectrum having at least two
spectral peaks in order to produce improved pattern resolution in photo
resist film. Line narrowing equipment is provided having at least one
piezoelectric drive and a fast bandwidth detection control system hav-
ing a time response of less than about 2.0 millisecond. In a preferred
embodiment, a wavelength tuning mirror is dithered at dither rates of
more than 500 dithers per second in phase with the repetition rate of
the laser. In one case, the piezoelectric drive was driven with a square
wave signal and in a second case it was driven with a sine wave sig-
nal. In another embodiment, the maximum displacement was matched
on a one-to-one basis with the laser pulses in order to produce a desired
average spectrum with two peaks for a series of laser pulses. Other pre-
ferred embodiments utilize three separate wavelength tuning positions
producing a spectrum with three separate peaks.
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LASER SPECTRAL ENGINEERING FOR LITHOGRAPHIC PROCESS

FIELD OF THE INVENTION

This application claims priority to Serial No. 09/918,773, filed July 27, 2001, Serial
No. 09/608,543 filed June 30, 2000 and Serial No. 09/854,097 filed May 11, 2001,
09/597,812 filed June 19, 2000, which was a continuation-in-part of Serial No.
08/898,630 filed July 22, 1997 now Patent No. 6,078,599 and Serial No. 09/501,160
filed February 9, 2000. This invention relates to lasers and, in particular, to techniques
for control of the bandwidth of the output beam.

BACKGROUND OF THE INVENTION
Wavelength Control

Lasers are used for many applications. For example, lasers, such as KiF and ArF
excimer lasers, are used in stepper and scanner equipment for selectively exposing
photoresist in a semiconductor wafer fabrication process. In such fabrication
processes, the optics in the steppers and scanners are designed for a particular
wavelength of the laser. The laser wavelength may drift over time and, thus, a
feedback network is typically employed to detect the wavelength of the laser and

correct the wavelength as necessary.

In one type of feedback network used to detect and adjust the wavelength of a laser, an
etalon receives a portion of the emitted light from the laser. The etalon creates an
interference pattern having concentric bands of dark and light levels due to destructive
and constructive interference by the laser light. The concentric bands surround a
center bright portion. The diameter of a light band produced by an etalon is used to
determine the wavelength of the laser to a fine degree, such as to within 0.01-0.03 pm.
The width of a light band is used to determine the spectral width of the laser output.
The interference pattern is usually referred to as a fringe pattern. A grating
spectrometer is also used in prior art devices to measure wavelength to a relatively
course degree. The fringe pattern and the grating signal may be optically detected by a
sensitive photodetector array. A detailed description of a prior art wavemeter is

disclosed in U.S. Patent No. 5,978,394 which is incorporated herein by reference.

1



WO 03/011595 PCT/US02/22190

Various methods are well known for wavelength tuning of lasers. Typically the tuning
takes place in a quickly replaceable modular device referred to as a line narrowing
module or line narrowing package (LNP). A typical technique used for line narrowing
and tuning of excimer lasers is to provide a window at the back of the discharge
chamber through which a portion of the laser beam passes into the LNP. There, the
portion of the beam is expanded in a beam expander and directed to a grating which
reflects a narrow selected portion of the laser's natural broader spectrum back into the
discharge chamber where it is amplified. The laser is typically tuned by changing the
angle at which the beam illuminates the grating. This may be done by adjusting the
position of the grating or providing a mirror adjustment with a pivoting mirror in the
beam path. The adjustment of the grating position or the mirror position may be made

by a mechanism which we will refer to as a laser wavelength adjustment mechanism.

In the prior art, the typical feedback network is configured to maintain the nominal
wavelength within a desired range of wavelengths. Typical specifications may
establish this range at values such as + 0.05 pm of a target wavelength such as, for
example, 248,327.1 pm, for a KrF laser as applied to the average of the wavelengths of
a series of pulses referred to as “pulse window”. A typical pulse window would be 30
pulses. Another typical specification is the standard deviation of the measured
wavelength values for a series of pulses (such as 30 pulses). This value is referred to
as wavelength sigma, o, and is calculated using a standard formula for standard
deviations. Also, sometime specifications are in terms of 30 which is merely three
times the measured standard deviation. A typical 3o‘speciﬁcation may be 0.15 pm.

The limitations of acceptable optical lens materials to fused silica and calcium fluoride
for use with deep ultraviolet light at 248 nm and 193 nm wavelengths have meant that
projection lenses for KrF and ArF lithography, to a large degree, cannot be corrected
for wavelength variations. Chromatic aberrations emerge since the index of refraction
of any optical material changes with wavelength, and hence, the imaging behavior of a

lens also varies with wavelength.

The detrimental effects of chromatic aberrations for an uncorrected lens can be

mitigated by using a light source with a very narrow range of wavelengths. Spectral
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line-narrowed excimer lasers have served this purpose for deep-UV lithography. In the
past, laser specifications have required the FWHM bandwidth to be smaller than a
specified value such as 0.5 pm but with no lower limit on bandwidth. Specifications
are also directed at the 95 percent integral bandwidth. A typical 95% I specification
would be less than 1.2 ppm. However, recently integrated circuit manufacturers have
noticed that the quality of their integrated circuits can be adversely affected by
bandwidths, such as about 0.35 pm FWHM, which are substantially narrower than the

bandwidths for which their optical systems were designed.

A lithography technique, called FLEX (short for, “focus latitude enhancement
exposure”) has been shown (through simulation and experiment) to improve the depth
of focus by utilizing multiple exposure passes of the same field with different focus
settings. This technique is also commonly referred to as focus drilling, since the
physical thickness of the photoresist film is exposed in multiple passes at incremental
focus settings. The image in photoresist is formed by the composite of the multiple

€Xposure passes.

Several difficulties result from this FLEX process with both step and scan as well as
step and repeat exposure implementations. Multiple pass exposure results in
additional overlay (image placement) errors and image blurring. This has further
implications on process latitude, focus repeatability as well as wafer throughput since

multiple exposures require multiple imaging passes.

What is needed is a better technique for providing improved quality integrated circuit

lithographic exposures.

SUMMARY OF THE INVENTION

The present invention provides an integrated circuit lithography technique called
spectral engineering by Applicants, for bandwidth control of an electric discharge
laser. In a preferred process, a computer model is used to model lithographic
parameters to determine a desired laser spectrum needed to produce a desired

lithographic result. A fast responding tuning mechanism is then used to adjust center
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wavelength of laser pulses in a burst of pulses to achieve an integrated spectrum for
the burst of pulses approximating the desired laser spectrum. The laser beam
bandwidth is controlled to produce an effective beam spectrum having at least two
spectral peaks in order to produce improved pattern resolution in photo resist film.
Line narrowing equipment is provided having at least one piezoelectric drive and a
fast bandwidth detection control system having a time response of less than about 2.0
millisecond. In a preferred embodiment, a wavelength tuning mirror is dithered at
dither rates of more than 500 dithers per second in phase with the repetition rate of the
laser. In one case, the piezoelectric drive was driven with a square wave signal and in
a second case it was driven with a sine wave signal. In another embodiment, the
maximum displacement was matched on a one-to-one basis with the laser pulses in
order to produce a desired average spectrum with two peaks for a series of laser
pulses. Other preferred embodiments utilize three separate wavelength tuning
positions producing a spectrum with three separate peaks. In another preferred
embodiment, effective bandwidths in the range of 0.4 pm to 2.0 pm are produced in a

series of pulses (such as a 30-pulse window of pulses).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a graph showing the variation of best focus with wavelength.

FIG. 1B shows typical narrow band gas discharge laser spectra.

FIGS. 2A-I demonstrate features of a preferred embodiment of the present invention.

FIG. 3 shows the variation of aerial image intensity with bandwidth.

FIGS. 4A, 4B and 4C shows variation of the change in critical dimension with
bandwidth.

FIG. 5 is a drawing of a narrow band laser system.

FIG. 5A and B show features of a tuning mechanism.
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FIG. 6 is a drawing of a wavemeter.

FIGS. 6A-D show how wavelength and bandwidth is calculated.

FIGS. 6E-H show features and details of preferred etalons.

FIG. 7 show electronics and processors used in a preferred wavelength control system.
FIGS. 8A, 8B1 and 8B2 show features of a wavelength control system with PZT drive.

FIG. 8C shows the effect of PZT control.
FIGS. 8D and E show control algorithms.

FIGS. 9A-D show the wavelength effects of two different PZT input patterns.
FIGS. 10A-I show various techniques for creating effective bandwidth patterns.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Simulation
Simulation of the effects of wavelength and bandwidth changes have been performed
by Applicants. The main effect of changing the exposure wavelength for a non-
chromatic corrected lens is a change in the position of the focal plane. Over a fairly
wide range of wav‘elengths, this change in focus is approximately linear with the
change in the nominal wavelength (i.e., the central wavelength of the illumination
spectrum). The wavelength response of a lens can be determined experimentally by
manually changing the central wavelength of the laser and using the imaging sensor of
the stepper to monitor the shift in focus that results. FIG. 1A shows an example of

such a measurement.

Given the change in focus with change in wavelength, the use of a broadband

illumination spectrum means that each wavelength in the spectrum will produce an
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aerial image with a different best focus. The total aerial image will be a sum of the
aerial images at each focal position, weighted by the relative intensity of each
wavelength in the illumination spectrum. This technique is based on multiple focal
plane exposures. Latest versions of a computer program PROLITH/2 (available.from
KILA Tencor with offices in Austin, Texas,) incorporate these types of effects. Actual
laser spectra measured on a variety of commercially available lasers were used in this
work to represent laser spectra. FIG. 1B illustrates three examples of KrF laser

spectra.

In order to understand the impact of laser bandwidth on the lithographic process in the
presence of chromatic aberrations, Applicants started from investigation of the aerial
image of a 180 nm isolated line. FIG. 3 shows how changing bandwidth affects the
aerial image under a specific set of conditions. (The image dimension is usually
assumed to correspond to the 0.3 image intensity values.) For these simulations the
following input parameters were used: NA = 0.6, o = 0.75, Ao = 248.3271 nm. Laser
spectra with 0.5 pm, 1.2 pm, 2.1 pm bandwidths at FWHM and a monochromatic light
source were used in this simulation study, and a chromatic aberration focus response
of 0.225um/pm was assumed. As can be seen in FIG. 3, changes in the bandwidth

causes noticeable changes in the image intensity distribution.

The impact of laser bandwidths on critical dimensions (CD) variations of isolated lines
with different sizes was evaluated using an aerial image threshold model. In this study
the following lithography input parameter settings were used: o = 0.75, A = 248.3271
nm, aerial image threshold at 30%, NA = 0.6, 0.7, and 0.8. The simulations were
performed for isolated lines ranging from 240 nm to 140 nm. The chromatic
aberration response was assumed at 0.225um/pm. As shown in FIGS. 4A, 4B and 4C,
changes in the bandwidth (either increases or decreases) can result in substantial
changes in the critical dimensions of the integrated circuit lines especially at higher
numerical aperture values. As shown in FIGS. 4A-4C the smallest bandwidth (i.e.,
0.35 pm) produces the smallest change in the critical dimension as a function of mask
dimension. A reader might conclude from this data that lithography systems should be
designed for the smallest possible bandwidth. The problem with that approach is that

maintaining the bandwidth consistently at 0.35 pm over the life of the light source
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would be very difficult and expensive with today’s technology. Therefore, the normal
practice is to design lithography systems for best performance at a bandwidth which is
somewhat larger than the smallest possible bandwidth, such as about 0.5 pm. Butifa
lithography system is designed for best performance at 0.5 pm, an “improvement” in
the laser bandwidth down to 0.35 pm will often lead to a worsening of critical

dimensions and decreased quality of the integrated circuit.

Dither Tuning Mirror To Simulate Desired Wavelength
The wavelength and bandwidth monitoring equipment and the wavelength tuning
equipment described in detail below permit bandwidth control of the laser beam. In a
first embodiment the tuning mirror is dithered at a desired frequency and amplitude to
basically widen a too narrow bandwidth to an effective bandwidth having a desired

value.

The technique involves monitoring the bandwidth with wavemeter 104 shown in FIG.
5 and FIG. 6. If the bandwidth is less than the desired bandwidth the wavelength
control equipment is utilized to dither mirror 14 shown in FIG. 5 at frequent intervals
to cause very slight shifts in the spectrum on a pulse to pulse basis so that the average
integrated spectrum over a window of pulses simulates approximately a constant

spectrum with bandwidth approximating the desired bandwidth.

For example, if the optical equipment for a scanner is designed for a bandwidth of 0.4
pm and because of a decrease in the fluorine concentration the bandwidth of individual
pulses is 0.3 pm, mirror 14 may be dithered about its nominal position to produce plus
and minus shifts in the nominal wavelength of about 0.05 pm in order to maintain the
same nominal wavelength with the effective increase by 0.1 pm. For a typical
commercial excimer laser of the type discussed above, a change in the pivot position
of mirror 14 of about 2 nm is required to produce a 0.05 pm shift in the wavelength.
This change in mirror position is easily provided by the piezoelectric drivers referred
to above and shown in FIG. 5A as item 80. Typically in the integrated circuit
fabrication each spot on the wafer is illuminated with a number of pulses usually in the
range of about 30 to 150 pulses so that the dither rate should be sufficient so that each

die spot receives about equal portions of pulses from both sides of the dither.
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Thus, if the number of pulses illuminating a spot is 30 the dither rate should be at least
about % the pulse rate. So if the pulse rate is 2000 Hz the dither rate preferably would
be at least 500 Hz. This is no problem for the equipment and software referred to

above.

Spectral Engineering
FIG. 2A shows the variation of focus with centerline wavelength for a modern 0.6 NA
stepper type lithography using a line narrowed KrF light source having a FWHM
bandwidth of about 0.35 pm. FIG. 2A also include a plot of the laser spectrum plotted
as normalized intensity versus deviation from the centerline wavelength. The focus

versus centerline wavelength slope for this system is -0.23 ym/pm.

Applicants have shown that substantial improvements in lithographic imaging can be
provided using a spectral engineering techniques developed by Applicants. Applicants
refer to this technique as RELAX which is an acronym for Resolution Enhancement
by Laser-Spectrum Adjusted Exposure. In these techniques, the wafer is illuminated
with two or more specific narrowband centerline wavelength during a single
illumination period. This produces results which are improved over the dither
technique referred to above. The results are similar to the FLEX technique discussed
in the background section of this specification but constitutes a major improvement
over FLEX since Applicants’ technique involves only one positioning of the
lithography equipment. Therefore, errors associated with adjustments of this

equipment are avoided.

Dual Mode Illumination
The results of simulations performed by Applicants show proof of concept for use of a
dual-mode illumination spectrum to improve resolution in photo resist film. In this
dual mode simulation work, Applicants simulated the process parameters for 200 nm
isolated, semi-dense (1:2) and dense (1:1) contact hole patterns. A binary (chrome on
glass) reticle pattern and conventional illumination (e.g., a stepper system with a
numerical aperture, NA of 0.7 and a 0.75 sigma) at KrF exposure central wavelengths,

(Ao, = 248.385 nm) were modeled in the simulation. The photo resist was modeled as
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UV6, 5200A casting thickness on AR2 bottom anti-reflective coating in order to
quantify the obtained resolution enhancement of the imaged pattern. The double-
mode spectrum used as the simulation input is shown in FIG. 2B. In this case, the
spectrum is generated by summation of a single mode (nominal) spectrum (bandwidth:
FWHM = 0.45 pm, E95% = 1.86 pm) and its copy with a 4 pm wavelength offset. If
S(A) represents the spectral density function of the nominal (0.45 pm/1.86 pm
FWHM/E95%) spectrum, the spectral density of the double-peak RELAX spectrum
[SreLax(A)] can be expressed as Sgerax(A) = S(A) + S(A + 4 pm). Technologies for
actual generation of such spectral properties are discussed in the following section.
The longitudinal focus plane to centerline wavelength slope used for this model is -

0.225 pm/pm which is shown in FIG. 2A.

The results of this simulation of the double-peak RELAX technique are compared in
FIG. 2C with similar simulations of a monochromatic beam and a conventional single
peak spectrum with FWHM bandwidth of 0.45 pm and a 95% integral bandwidth of
1.86 pm. The critical dimension response to focus and dose are presented for 1:1 dense
contact holes for three illumination spectral distributions; (1) monochromatic
illumination, (2) conventional laser spectrum and (3) the 4 pm double mode RELAX
illumination with a spectrum as shown in FIG. 2B (i.e., two 0.45 pm FWHM spectral

bands with centerlines separated by 4.0 pm).

FIG. 2D presents plots of the resist feature widths of holes which have a target
diameter of 200 nm as a function of depth of the holes. The figures are plotted for
sevefal doses ranging from 17 J/em® to 26 J/cm? in the monochromatic example and
from 25 J/cm? to 32 J/cm? in the RELAX example. This ordinant is feature width and
the absissa is labeled focus but actually represents the depth of the feature in microns
with zero taken as the focal plane of the centerline wavelength. An “ideal” graph
would be a straight line at 200 nm over a depth of at least 1.0 micron, with
insignificant variation in width with exposure dose. The FIG. 1D plots reveal that the
RELAX simulation produces a set of plots much closer to the “ideal” graph than either

the conventional or monochromatic example.
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FIG. 2D is another set of graphs made from the same data as was used for the FIG. 2C
plots. In this case, Applicants selected the plot for each of the examples and plotted
for that exposure the exposure latitude (i.e., the percent of the dose can vary without
causing the critical dimension to vary more than 10% from a target value) as a
function of the depth of a hole having a target width of 200 nm. Again, these three
graphs show a great improvement in performance resulting from the use of the
RELAX techniques.

The dramatic improvement in the depth for which the critical dimension can be
controlled to within 10% with the RELAX approach is apparent. The improvement in
depth of focus is larger than fourfold at the 5% exposure latitude level compared to the
monochromatic and conventional results for dense contacts. Some exposure latitude
loss is observed by using the double-mode spectrum. This loss in exposure latitude is
most pronounced near best focus (i.e., 0.0 depth of focus). As compared with the
conventional spectrum example, the slight increase in the target dose (from about 25
mJ/em? to about 29 mJ/cm?) for the RELAX case as compared to the conventional

example should be noted.

The simulation results for the other pattern configurations referred to above were
tested with the result that the two-peak RELAX technique produced better pattern
resolution as compared to both monochromatic and the conventional spectrum for
every example tested. Therefore, we conclude that the RELAX application (using a
dual-mode spectrum with 4 pm mode separation) for focus drilling provides dramatic
improvement in the overall process window area. A tradeoff is realized between depth
of focus improvement and loss of exposure latitude, however, the DOF increases at a
higher rate than the reduction of exposure latitude. In contact hole imaging especially,
as well as many other imaging applications of lines and spaces, the DOF is a limiting
process performance factor. Isolated lines and line-space patterns are also expected to

exhibit process window changes for modified illumination spectra.

Examples Using Two Centerline Wavelengths
Applicants have demonstrated the feasibility of technique for wavelength control
needed for this spectral engineering as shown in FIGS. 2E and 2F. PZT driver 80
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shown in FIG. 5A was programmed to control the wavelength of a KrF laser operating
at 120 Hz to adjust each pulse by plus or minus steps of 4.0 pm. The integrated
intensity values recorded on wavemeter photodiode array 180 shown in FIG. 6 are
plotted in FIG. 2E. This plot shows sharp peaks at pixel 450 and 618 which

correspond to a centerline wavelength shaft of 4.0 pm.

Similar results are shown in FIG. 2F where the PZT driver is driven in a sine wave to
vary the wavelength by about 2 pm at a frequency of one half the laser pulse rate of
120 Hz.

Optimization of Laser Spectrum
The basic concept behind spectral engineering is to determine, using lithography
simulation, the optimal spectral shape, which will provide the maximum improvement
of a given parameter. In particular examples, lithography simulations are provided for
two dual-mode illumination spectra and three three-mode illumination spectra shown
in FIGS. 2G1, 2G2 and 2G3. In these examples, the parameter, which is maximized is
the depth of focus, for 150nm dense lines. From FIG. 2H1, we see that the two dual-
peak spectra (3pm and 4pm separation) are least sensitive to defocus and therefore
have a maximum depth of focus. From the depth of focus changes, it appears that
spectral modification (going from monochromatic, to three to two mode illumination
spectrum) provides significant (up to 2x) improvement of DOF. From this alone, either

the 3pm or 4pm dual-mode illumination appears optimal for imaging of these features.

If we consider the tradeoff between exposure latitude (EL) and depth of focus as a
function of the different illumination spectra (shown in FIG. 2H2), we may choose to
use the 1.5pm-offset 50% weighted three-mode illumination in order to prevent the
reduction in exposure latitude below 12% at best focus. The three-mode spectrum still
provides an appreciable increase in depth of focus. In addition the three-mode
spectrum (with 1.5pm peak separation) provides the least amount of contrast loss from

the monochromatic case as shown in FIG. 2H3.

From this 150nm dense line example, it is clear that the implementation of RELAX

requires a very careful tradeoff design in order to maximize the benefits of a subset of
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imaging parameters at lowest cost to other parameters. The RELAX application will
therefore be most successful in cases where a single parameter limits the overall
process margin (process latitude). In that case, the limiting process parameter can be
improved (relaxed) in order to improve to overall process margin for
manufacturability. Optical proximity correction (OPC-resolution enhancement
technique using reticle feature corrections) can be used in conjunction with RELAX

for comprehensive lithography process engineering and maximum benefits.

The tuning of the RELAX spectral illumination, from a continuum of theoretical
choices can be done using lithography simulation and an iterative optimization
algorithm. The simulation predictions also need to be verified and fine-tuned using
experimental methods (such as design of experiments-DOE). Both approaches have
been discussed in more detail previously (section IV-B 05/25/01 disclosure). FIG. 2I
shows the confluence of simulation and experiments (DOE) for either S(A) spectrum
optimization only or for a comprehensive lithography process optimization (variable
lithography inputs) using RELAX.
ULTRA FAST WAVEMETER WITH FAST CONTROL ALGORITHM
Controlling Pulse Energy, Wavelength and Bandwidth

In prior art devices the feedback control of pulse energy has been on a pulse-to-pulse
basis, i.e., the pulse energy of each pulse is measured quickly enough so that the
resulting data can be used in the control algorithm to control the energy of the
immediately following pulse. For a 1,000 Hz system this means the measurement and
the control for the next pulse must take less than 1/1000 second. For a 4000 Hz
system speeds need to be four times as fast. A technique for controlling center
wavelength and measuring wavelength and bandwidth is described in U.S. Patent No.
5,025,455 System, and Method of Regulating the Wavelength of a Light Beam and in
U.S. Patent No. 5,978,394, Wavelength and System for an Excimer Laser. These

patents are incorporated herein by reference.

Wavelength and bandwidths have been measured on a pulse to pulse basis for every

pulse, but typically the feedback control of wavelength has taken about 7 milli-
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seconds because prior art techniques for controlling center wavelength have taken

several milli-seconds. Faster control is needed.

Preferred Embodiment for Fast Measurement and Control of Beam Parameters
A preferred embodiment of the present invention is an ArF excimer laser system
capable of operation in the range of 4,000 Hz to 6,000 Hz with very fast measurement
of laser beam parameters and very fast control of pulse energy and center wavelength.

The beam parameter measurement and control for this laser is described below.

The wavemeter used in the present embodiment is very similar to the one described in
U.S. Patent No. 5,978,394 and some of the description below is extracted from that
patent.

Measuring Beam Parameters
FIG. 6 shows the layouts of a preferred wavemeter unit 104, an absolute wavelength
reference calibration unit 190, and a wavemeter processor 197. The optical equipment
in these units measure pulse energy, wavelength and bandwidth. These measurements
are used with feedback circuits to maintain pulse energy and wavelength within
desired limits. The equipment calibrates itself by reference to an atomic reference
source on the command from the laser system control processor. As shown in FIG. 6,
the laser output beam intersects partially reflecting mirror 170, which passes about
95.5% of the beam energy as output beam 33 and reflects about 4.5% for pulse energy,

wavelength and bandwidth measurement.

Pulse Energy
About 4% of the reflected beam is reflected by mirror 171 to energy detector 172
which comprises a very fast photo diode 69 which is able to measure the energy of
individual pulses occurring at the rate of 4,000 pulses per second. The pulse energy
for a typical ArF excimer laser is about 5 mJ, and the output of detector 69 is fed to a
computer controller which uses a special algorithm to adjust the laser charging
voltage to precisely control the pulse energy of future pulses based on stored pulse
energy data in order to limit the variation of the energy of individual pulses and the

integrated energy of bursts of pulses.
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Linear Photo Diode Array
Photo diode array 180 is an integrated circuit chip comprising 1024 separate photo
diode integrated circuits and an associated sample and hold readout circuit as shown in
FIG. 6A. The photo diodes are on a 25 micrometer pitch for a total length of 25.6 mm

(about one inch). Each photo diode is 500 micrometers long.

Photo diode arrays such as this are available from several sources. A preferred
supplier is Hamamatsu. In our preferred embodiment, we use a Model S3903-1024Q
which can be read at the rate of up to 4 x 10° pixels/sec on a FIFO basis in which
complete 1024 pixel scans can be read at rates of 4,000 Hz or greater. The PDA is
designed for 2 x 10° pixel/sec operation but Applicants have found that it can be over-
clocked to run much faster, i.e., up to 4 x 10° pixel/sec. For pulse rates greater than
4,000 Hz, Applicants can use the same PDA but only a fraction (such as 60%) of the

pixels are normally read on each scan.

Coarse Wavelength Measurement
‘About 4% of the beam which passes through mirror 171 is reflected by mirror 173
through slit 177 to mirror 174, to mirror 175, back to mirror 174 and onto echelle
grating 176. The beam is collimated by lens 178 having a focal length of 458.4 mm.
Light reflected from grating 176 passes back through lens 178, is reflected again from
mirrors 174, 175 and 174 again, and then is reflected from mirror 179 and focused
onto the left side of 1024-pixel linear photo diode array 180 in the region of pixel 600
to pixel 950 as shown in the upper part of FIG. 6B (Pixels 0-599 are reserved for fine
wavelength measurement and bandwidth.) The spatial position of the beam on the
photo diode array is a coarse measure of the relative nominal wavelength of the output
beam. For example, as shown in FIG. 6B, light in the wavelength range of about

193.350 pm would be focused on pixel 750 and its neighbors.

Calculation of Coarse Wavelength
The coarse wavelength optics in wavemeter module 120 produces a rectangular image
of about 0.25 mm x 3 mm on the left side of photo diode array 180. The ten or eleven

illuminated photo diodes will generate signals in proportion to the intensity of the
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illumination received (as indicated in FIG. 6C) and the signals are read and digitized
by a processor in wavemeter controller 197. Using this information and an

interpolation algorithm controller 197 calculates the center position of the image.

This position (measured in pixels) is converted into a coarse wavelength value using
two calibration coefficients and assuming a linear relationship between position and
wavelength. These calibration coefficients are determined by reference to an atomic
wavelength reference source as described below. For example, the relationship

between image position and wavelength might be the following algorithm:

A= (2.3 pm / pixel) P + 191,625 pm

where P = coarse image central positions.

Alternatively, additional precision could be added if desired by adding a second order

term such as “+() P

Fine Wavelength Measurement

About 95% of the beam which passes through mirror 173 as shown in FIG. 6 is
reflected off mirror 182 through lens 183 onto a diffuser (preferably a diffraction
diffuser as explained in a following section entitled “Improved Etalon”) at the input to
etalon assembly 184. The beam exiting etalon 184 is focused by a 458.4 mm focal
length lens in the etalon assembly and produces interference fringes on the middle and
right side of linear photo diode array 180 after being reflected off two mirrors as
shown in FIG. 6.

The spectrometer must measure wavelength and bandwidth substantially in real time.
Because the laser repetition rate may be 4,000 Hz to 6,000 Hz, it is necessary to use
algorithms which are accurate but not computationally intensive in order to achieve
the desired performance with economical and compact processing electronics.
Calculational algorithm therefore preferably should use integer as opposed to floating
point math, and mathematical operations should preferably be computation efficient

(no use of square root, sine, log, etc.).
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The specific details of a preferred algorithm used in this preferred embodiment will
now be described. FIG. 6D is a curve with 5 peaks as shown which represents a
typical etalon fringe signal as measured by linear photo diode array 180. The central
peak is drawn lower in height than the others. As different wavelengths of light enter
the etalon, the central peak will rise and fall, sometimes going to zero. This aspect
renders the central peak unsuitable for the wavelength measurements. The other peaks
will move toward or away from the central peak in response to changes in wavelength,
so the position of these peaks can be used to determine the wavelength, while their
width measures the bandwidth of the laser. Two regions, each labeled data window,
are shown in FIG. 6D. The data windows are located so that the fringe nearest the
central peak is normally used for the analysis. However, when the wavelength changes
to move the fringe too close to the central peak (which will cause distortion and
resulting errors), the first peak is outside the window, but the second closest peak will
be inside the window, and the software causes the processor in control module 197 to
use the second peak. Conversely, when the wavelength shifts to move the current
peak outside the data window away from the central peak the software will jump to an

inner fringe within the data window. The data windows are also depicted on FIG. 6B.

For very fast computation of bandwidth for each pulse at repetition rates up to the
range of 4,000 Hz to 6,000 Hz a preferred embodiment uses the hardware identified in
FIG. 15. The hardware includes a microprocessor 400, Model MPC 823 supplied by
Motorola with offices in Phoenix, Arizona; a programmable logic device 402, Model
EP 6016QC240 supplied by Altera with offices in San Jose, California; an executive
and data memory bank 404; a special very fast RAM 406 for temporary storage of
photodiode array data in table form; a third 4X1024 pixel RAM memory bank 408

operating as a memory buffer; and an analog to digital converter 410.

As explained in U.S. Patent Nos. 5,025,446 and U.S. Patent No. 5,978,394, prior art
devices were required to analyze a large mass of PDA data pixel intensity data
. representing interference fringes produced by etalon 184 an photodiode array 180 in
order to determine center line wavelength and bandwidth. This was a relatively time
consuming process even with a computer processor because about 400 pixel intensity

values had to be analyzed to look for and describe the etalon fringes for each
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calculation of wavelength and bandwidth. A preferred embodiment of the present
invention greatly speeds up this process by providing a processor for finding the
important fringes which operates in parallel with the processor calculating the

wavelength information.

The basic technique is to use programmable logic device 402 to continuously produce
a fringe data table from the PDA pixel data as the pixel data are produced. Logic
_device 402 also identifies which of the sets of fringe data represent fringe data of
interest. Then when a calculation of center wavelength and bandwidth are needed,
microprocessor merely picks up the data from the identified pixels of interest and
calculates the needed values of center wavelength and bandwidth. This process

reduces the calculation time for microprocessor by about a factor of about 10.

Specific steps in the process of calculating center wavelength and bandwidth are as

follows:

1) With PDA 180 clocked to operate at 2.5 MHz, PDA 180 is directed by
processor 400 to collect data at a from pixels 1 to 600 at a scan rate of 4,000
Hz and to read pixels 1 to 1028 at a rate of 100 Hz.

2) The analog pixel intensity data produced by PDA 180 is converted from analog
intensity values into digital 8 bit values (0 to 255) by analog to digital
converter 410 and the digital data are stored temporarily in RAM buffer 408 as
8 bit values representing intensity at éach pixel of photodiode array 180.

3) Programmable logic device 402 analyzes the data passing out of RAM buffer
408 continuously on an almost real time basis looking for fringes, stores all the
data in RAM memory 406, identifies all fringes for each pulse, produces a
table of fringes for each pulse and stores the tables in RAM 406, and identifies
for further analysis one best set of two fringes for each pulse. The technique

used by logic device 402 is as follows:

A)  PLD 402 analyzes each pixel value coming through buffer 408
to determine if it exceeds an intensity threshold while keeping

track of the minimum pixel intensity value. If the threshold is
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exceeded this is an indication that a fringe peak is coming. The
PLD identifies the first pixel above threshold as the “rising
edge” pixel number and saves the minimum pixel value of the
pixels preceding the “rising edge” pixel. The intensity value of
this pixel is identified as the “minimum” of the fringe.

PLD 402 then monitors subsequent pixel intensity values to
search for the peak of the fringe. It does this by keeping track
of the highest intensity value until the intensity drops below the
threshold intensity.

When a pixel having a value below threshold is found, the PLD
identifies it as the falling edge pixel number and saves the
maximum value. The PLD then calculates the “width” of the
fringe by subtracting the rising edge pixel number from the
falling edge pixel number.

The four values of rising edge pixel number, maximum fringe
intensity, minimum fringe intensity and width of the fringe are
stored in the circular table of fringes section of RAM memory
bank 406. Data representing up to 15 fringes can be stored for
each pulse although most pulses only produce 2 to 5 fringes in
the two windows.

PLD 402 also is programmed to identify with respect to each
pulse the “best” two fringes for each pulse. It does this by
identifying the last fringe completely within the 0 to 199
window and the first fringe completely within the 400 to 599

window.

The total time required after a pulse for (1) the collection of the pixel data, and (2) the

formation of the circular table of fringes for the pulse is only about 200 micro seconds.

The principal time saving advantages of this technique is that the search for fringes is

occurring as the fringe data is being read out, digitized and stored. Once the two best

fringes are identified for a particular pulse, microprocessor 400 secures the raw pixel

data in the region of the two fringes from RAM memory bank 406 and calculates from

that data the bandwidth and center wavelength. The calculation is as follows:
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Typical shape of the etalon fringes are shown in FIG. 6D. Based on the prior work of
PLD 402 the fringe having a maximum at about pixel 180 and the fringe having a
maximum at about pixel 450 will be identified to microprocessor 400. The pixel data
surrounding these two maxima are analyzed by microprocessor 400 to define the shape

and location of the fringe. This is done as follows:

A half maximum value is determined by subtracting the fringe minimum from the
fringe maximum dividing the difference by 2 and adding the result to the fringe
minimum. For each rising edge and each falling edge of the two fringes the two pixels
having values of closest above and closest below the half maximum value.
Microprocessor then extrapolates between the two pixel values in each case to define
the end points of D1 and D2 as shown in FIG. 6D with a precision of 1/32 pixei. From
these values the inner diameter D1 and the outer diameter D2 of the circular fringe are

determined.

Fine Wavelength Calculation
The fine wavelength calculation is made using the course wavelength measured value

and the measured values of D1 and D2.

The basic equation for wavelength is:

A =(2*n*d/m ) cos(R/f) (1)

where
A is the wavelength, in picometers,
n is the internal index of refraction of the etalon, about 1.0003,
d is the etalon spacing, about 1542um for KrF lasers and about 934 pm for ArF
lasers, controlled to +/-1um,
m is the order, the integral number of wavelengths at the fringe peak, about
12440,
R is the fringe radius, 130 to 280 PDA pixels, a pixel being 25 microns,
f is the focal distance from the lens to the PDA plane.
Expanding the cos term and discarding high order terms that are negligibly small

yields:

A=(2*n*d/m)[1- (1/2)R/E)] (2)
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Restating the equation in terms of diameter D = 2*R yields:

A=(2*n*d/m)[1-1/8)[D/f)*] (3)

The wavemeter’s principal task is to calculate A from D. This requires knowing £, n, d
and m. Since n and d are both intrinsic to the etalon we combine them into a single
calibration constant named ND. We consider f to be another calibration constant
named FD with units of pixels to match the units of D for a pure ratio. The integer
order m varies depending on the wavelength and which fringe pair we choose. m is

determined using the coarse fringe wavelength, which is sufficiently accurate for the

purpose.

A couple of nice things about these equations is that all the big numbers are positive
values. The WCM’s microcontroller is capable of calculating this while maintaining

nearly 32 bits of precision. We refer to the bracketed terms as FRAC.
FRAC=[1-(1/8)D/FD)*] (4)

Internally FRAC is represented as an unsigned 32 bit value with its radix point to the
left of the most significant bit. FRAC is always just slightly less than one, so we get
maximal precision there. FRAC ranges from [1 - 120E-6] to [1 - 25E-6] for D range
of { 560 ~ 260 } pixels.

When the ND calibration is entered, the wavemeter calculates an internal unsigned 64

bit value named 2ND = 2*ND with internal wavelength units of femtometers (fm) =

10" meter = 0.001pm. Internally we represent the wavelength A as FWL

for the fine wavelength, also in fm units. Restating the equation in terms of these

variables:

FWL =FRAC * 2ND/m (5)

The arithmetic handles the radix point shift in FRAC yielding FWL in fm. We solve
for m by shuffling the equation and plugging in the known coarse wavelength named
CWL, also in fm units:
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m = nearest integer ( FRAC * 2ND/CWL ) (6)

Taking the nearest integer is equivalent to adding or subtracting FSRs in the old
scheme until the nearest fine wavelength to the coarse wavelength was reached.
Calculate wavelength by solving equation (4) then equation (6) then equation (5). We
calculate WL separately for the inner and outer diameters. The average is the line

center wavelength, the difference is the linewidth.

Bandwidth Calculation
The bandwidth of the laser is computed as (A,- A;)/2. A fixed correction factor is
applied to account for the intrinsic width of the etalon peak adding to the true laser
bandwidth. Mathematically, a deconvolution algorithm is the formalism for removing
the etalon intrinsic width from the measured width, but this would be far too
computation-intensive, so a fixed correction AAe is subtracted, which provides

sufficient accuracy. Therefore, the bandwidth is:

AJL:(D2;D1]— Ade

AAe depends on both the etalon specifications and the true laser bandwidth. It
typically lies in the range of 0.1-1 pm for the application described here.

Improved Etalon
This embodiment utilizes an improved etalon. Conventional etalon mounting schemes
typically employ an elastomer to mount the optical elements to the surrounding
structure, to constrain the position of the elements but minimize forces applied to the
elements. A compound commonly used for this is room-temperature vulcanizing
silicone (RTV). However, various organic vapors emitted from these elastomers can
deposit onto the optical surfaces, degrading their performance. In order to prolong
etalon performance lifetime, it is desirable to mount the etalon in a sealed enclosure

that does not contain any elastomer compounds.

21



WO 03/011595 PCT/US02/22190

A preferred embodiment includes an improved etalon assembly shown at 184 in FIGS.
6 and 6E. The fused silica etalon 79 shown in FIG. 6G itself is comprised of a top
plate 80 having a flange 81 and a lower plate 82, both plates being comprised of
premium grade fused silica. The etalon is designed to produce fringes having free
spectral range of 20.00 pm at 193.35 nm when surrounded by gas with an index of
refraction of 1.0003 and a finesse equal to or greater than 25. Three fused silica
spacers 83 with ultra low thermal expansion separate the plates and are 934
micrometer + 1 micrometer thick. These hold the etalon together by optical contact
using a technique well known in the optics manufacturing art. The reflectance of the
inside surfaces of the etalon are each about 88 percent and the outside surfaces are

anti-reflection coated. The transmission of the etalon is about 50 percent.

The etalon 79 is held in place in aluminum housing 84 only by gravity and three low
force springs 86 pressing the flange against three pads not shown but positioned on
120 degree centers under the bottom edge of flange 81 at the radial location indicated
by leader 85. A clearance of only 0.004 inch along the top edge of flange 81 at 87
assures that the etalon will remain approximately in its proper position. This close
tolerance fit also ensures that if any shock or impulse is transferred to the etalon
system through the mounting, the relative velocities between the optical components
and the housing contact points will be kept to a minimum. Other optical components
of etalon assembly 184 include diffuser 88, window 89 and focusing lens 90 having a
focal length of 458.4 mm.

The diffuser 88 may be a standard prior art diffuser commonly used up-stream of an
etalon to produce a great variety of incident angles needed for the proper operation of
the etalon. A problem with prior art diffusers is that about 90 percent of the light
passing through the diffuser is not at a useful angle and consequently is not focused on
the photo diode array. This wasted light, however, adds to the heating of the optical
system and can contribute to degradation of optical surfaces. In a much preferred
embodiment, a diffractive lens array is used as the diffuser 88. With this type of
diffuser, a pattern is produced in the diffractive lens array which scatters the light
thoroughly but only within an angle of about 5 degrees. The result is that about 90

percent of the light falling on the etalon is incident at useful angles and a much greater
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portion of the light incident on the etalon is ultimately detected by the photo diode
array. The result is the light incident on the etalon can be greatly reduced which
greatly increases optical component life. Applicants estimate that the incident light
can be reduced to less than 5% or 10% of prior art values with equivalent light on the

photo diode array.

Better Collimation With Diffractive Diffuser
FIG. 6H shows features of a preferred embodiment providing even further reduction of
light intensity passing through the etalon. This embodiment is similar to the
embodiment discussed above. The sample beam from mirror 182 (approximately
15mm x 3mm) passes upward through condensing lens 400 and is then re-collimated
by lens 402. The beam now colliminated and reduced in dimension to about Smm x
Imm passes through etalon housing window 404 and then passes through a diffractive
diffusing element 406 which in this case (for an ArF laser) is a diffractive diffusing
element provided by Mems Optical, Inc. with offices in Huntsville, Alabama. The
element is part number D023-193 which converts substantially all 193nm light in any
incoming collimated beam of any cross sectional 'conﬁguration into a beam expanding
in a first direction at 2° and in a second direction perpendicular to the first direction at
4°, Lens 410 then “focuses” the expanding beam onto a rectangular pattern covering
photodiode array 180 shown in FIG. 6. The active area of the photo diode array is
about 0.5mm wide and 25.6 mm long and the spot pattern formed by lens 410 is about
15mm x 30mm. Diffractive diffusing element thoroughly mixes the spatial
components of the beam but maintains substantially all of the beam energy within the
2° and 4° limits so that the light passing through the etalon can be substantially
reduced and efficiently utilized. The reader should recognize that further reductions in
beam energy passing through the etalon could be realized by reducing the spot pattern
in the short dimension of the photo diode array. However, further reductions to less
than 15mm will make optical alignment more difficult. Therefore, the designer should

consider the spot pattern size to be a trade-off issue.

In another system designed for a KrF laser operating at about 248.327nm a similar
design is provided with adjustments for wavelength. In this embodiment lens 400 has

a focal length of about 50mm. (The lens is Melles Griot Corporation part number
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OILQP001.) Collimating lens 402 has a focal length of -20mm (EVI Laser
Corporation part number PLCC-10.0-10.3-UV). The diffractive diffusing element 406
is Mems Optical Corporation part number DO23-248. In this embodiment and in the
ArF embodiment, the spacing between the two lenses can be properly positioned with
spacer 416. Applicants estimate that the energy of the beam passing through the
etalon with the laser operating at 2000Hz is about 10mw and is not sufficient to cause

significant thermal problems in the etalon.

In other preferred embodiments, the beam could be allowed to come to a focus
between lenses 400 and 402. Appropriate lenses would in this case be chosen using

well known optical techniques.

Feedback Control of Pulse Energy and Wavelength
Based on the measurement of pulse energy of each pulse as described above, the pulse
energy of subsequent pulses are controlled to maintain desired pulse energies and also
desired total integrated dose of a specified number of pulses all as described in U.S.
Patent No. 6,005,879, Pulse Energy Control for Excimer Laser which is incorporated

by reference herein.

Wavelength of the laser may be controlled in a feedback arrangement using measured
values of wavelengths and techniques known in the prior art such as those techniques
described in U.S. Patent No. 5,978,394, Wavelength System for an Excimer Laser also
incorporated herein by reference. Applicants have recently developed techniques for
wavelength tuning which utilize a piezoelectric driver to provide extremely fast
movement of tuning mirror. Some of these techniques are described in United States
Patent Application Serial No. 608,543, Bandwidth Control Technique for a Laser,
filed June 30, 2000 which is incorporated herein by reference. FIGS. 8A and 8B are
extracted from that application and show the principal elements of this technique. A
piezoelectric stack is used for very fast mirror adjustment and larger slower
adjustments are provided by a prior art stepper motor operating a lever arm. The

piezoelectric stack adjusts the position of the fulcrum of the lever arm.
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NEW LNP WITH COMBINATION PZT-STEPPER MOTOR DRIVEN TUNING
MIRROR
Detail Design with Piezoelectric Drive
FIG. 8 is a block diagram showing features of the laser system which are important for
controlling the wavelength and pulse energy of the output laser beam. Shown are a
line narrowing module 15K which contains a three prism beam expander, a tuning
mirror 14 and a grating. Wavemeter 104 monitors the output beam wavelength and
provides a feedback signal to LNP processor 106 which controls the position of tuning
mirror 14 by operation of a stepper motor and a PZT stack as described below.
Operational wavelengths can be selected by laser controller 102. Pulse energy is also
measured in wavemeter 104 which provides a signal used by controller 102 to control
pulse energy in a feedback arrangement as described above. FIG. 8A is a block

diagram showing PZT stack 80, stepper motor 82, mirror 14 and mirror mount 86.

FIG. 8B1 is a drawing showing detail features of a preferred embodiment of the
present invention. Large changes in the position of mirror 14 are produced by stepper
motor through a 26.5 to 1 lever arm 84. In this case a diamond pad 41 at the end of
piezoelectric drive 80 is provided to contact spherical tooling ball at the fulcrum of
lever arm 84. The contact between the top of lever arm 84 and mirror mount 86 is
provided with a cylindrical dowel pin on the lever arm and four spherical ball bearings
mounted (only two of which are shown) on the mirror mount as shown at 85.
Piezoelectric drive 80 is mounted on the LNP frame with piezoelectric mount 80A and
the stepper motor is mounted to the frame with stepper motor mount 82A. Mirror 14
is mounted in mirror mount 86 with a three point mount using three aluminum
spheres, only one of which are shown in FIG. 8B1. Three springs 14A apply the

compressive force to hold the mirror against the spheres.

FIG. 8B2 is a preferred embodiment slightly different from the one shown in FIG.
8B1. This embodiment includes a bellows 87 to isolate the piezoelectric drive from
the environment inside the LNP. This isolation prevents UV damage to the
piezoelectric element and avoid possible contamination caused by out-gassing from

the piezoelectric materials.
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Test Results
FIG. 8C shows actual test data from a laser fitted with the FIG. 8B2 embodiment. The
graph is a plot of the deviation from target wavelength of the average of 30 pulse

windows. The deviation is reduced from about 0.05 pm to about 0.005 pm.

This embodiment is a major speed up as compared to the stepper motor drive system
described above but not quite fast enough for pulse-to-pulse adjustment. Earlier
methods of mirror positioning required about 7 ms to move mirror 14, making pulse-
to-pulse wavelength correction at 2000 Hz out of the question. In that earlier
technique, a lever arm pivoted about a pivot axis to produce a 1 to 26.5 reduction in
the mirror movement compared to the stepper position movement. The prior art
stepper has a total travel of % inch (12.7 mm) and 6000 steps so that each step is a
distance of about 2 microns. With the 1-26.5 reduction, one step moves the mirror
about 75 nm which typically changes the wavelength of the laser wavelength about 0.1
pm. In the fast acting technique shown in FIG. 12A, a piezo stack 80 has been added
at the pivot position of the lever arm. A preferred piezo stack is Model P-840.10
supplied by Physik Instrumente GmbH with offices in Waldbronn, Germany.

This stack will produce linear adjustment of about 3.0 microns with a drive voltage

change of 20 volts. This range is equivalent to about + 20 steps of the stepper motor.

The stack responds to a control signal within less than 1 microsecond and the system
can easily respond to updated signals at a frequency of 4000 Hz. In a preferred
embodiment the control for each pulse at 4000 Hz pulse rate is based not on the
previous pulse but the pulse prior to the previous pulse to allow plenty of time for the
wavelength calculation. However, this embodiment provides a factor of 7
improvement over the prior art design with a 7 millisecond latency. Therefore, much
faster feedback control can be provided. One preferred feedback control algorithm is
described in FIG. 8D. In this algorithm the wavelength is measured for each pulse and
an average wavelength for the last four and last two pulses is calculated. If either of
the averages deviate from the target wavelength by less than 0.02 pm, no adjustment is
made. If both deviate more than 0.02 pm from the target, an adjustment is made to the

mirror assembly by piezoelectric stack 80 to provide a wavelength correction. Which
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of the two averages is used is determined by how.much time had elapsed since the last
adjustment. The piezoelectric stack is maintained within its control range by stepping
the stepper motor as the stack approaches 30 and 70 percent of its range (or to provide
more available range, 45 and 55 percent could be used instead of the 30 and 70 percent
range values). Since the stepper motor requires about 7 ms to complete a step, the

algorithm may make several piezo adjustments during a stepper motor step.

Issues Involved In Applying Periodic Inputs For Bandwidth Tuning
(Mathematical Analysis)

Applicants have investigated methods of controlling the PZT to achieve desired
broader bandwidth. The following is an example of analysis done by Applicants to
achieve these results. The problem is to apply periodic voltages to PZT 80 which
when filtered by dynamics of the tuning mirror system results in bandwidths having

the desired values.

A method is needed to monitor the error between the desired and actual wavelength
values and make adjustments to the applied voltage in real time. Such a method would
detect the error caused by non-linearities or imperfect modeling of the system and
could correct for them. It would also follow any drifting dynamics and maintain

optimal periodic command following.

Described below are several different methods for determining and adjusting the

applied voltage, u, to generate the desired wavelength pattern, r, in real time.

The first approach is to observe the error, e, for a single period of the desired pattern, r,
and then compute an adjustment to the applied voltage, u, which will tend to reduce
the error. The appropriate law can be found by first expressing the error, e, as the

difference between the actual and desired patterns.
e=r-y (1)
The actual wavelength, y, is related to the periodic input, u, by the equation:

y(t)= Y b, (t-rut) @

=0
where N is the period of the command signal, h, is the cyclic pulse response of the
voltage to wavelength system. The cyclic pulse response is related to the pulse
response by the equation:
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h,(t)= ih(t +Nt) A3)
=0

Define an error function which is the sum of squares of the error:
N-1
T=3 (1) @
t=0

The derivative of this error function with respect to the value of the periodic control
voltage at any instant in time, u(t) is found to be:

E% = —2§ e(th, (t—t) )

=0

The control law is then simply to update all of the values of the control signal, u,
according to the equation:

u<t)-»u<t)+u’§e(r)hc<r-t) ©)

where the parameter, p is adjusted to trade convergence speed for stability and noise
insensitivity. If the value of p is chosen small enough, this control law is guaranteed
to converge to the optimal cancellation waveform.

A refinement of this method is to limit the number of degrees of freedom in the control
signal, u. This might be done to limit the bandwidth of the signal being put into the
actuator, or it might be used to improve the convergence time of the algorithm. The
number of degrees of freedom can be reduced by expressing u as a some of basis
functions, ¢:

u(t) = iz—: ¢; (t)ch @)

Typical values for the basis functions might be sine waves corresponding to the first
few harmonics of the fundamental frequency. This would in effect limit the
bandwidth of the applied signal, u. Taking the derivatives of J with respect to g; gives
yields a control law for adjusting the g;’s every cycle:

Z o35 e bt ) ®

aq; t=0 =0
N-l  _N-l
q; = g +pye(t)Y b, (- (x) ©)
t=0 =0

An improvement can be made to the algorithm by adjusting each component of the
correction signal, u(t), just before it is applied. The data for the adjustment is the error
signal from the previous N samples. Equation 6 can be rewritten as follows:
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u()=ult-N)+ Y el + t~N)h, (c~N)
=0 (10)

= u(t—N)+ > b, (e~ N +1)

1=0

The first line of the equation results from the fact that the control signal exactly N
cycles previously corresponds to the control signal currently being adjusted. The
second line follows by a change of variable in the summation. Taking the z-transform
of Equation 10:

u(2)=2"u(z)+ p> . ()™ an

=0

The ratio of u(z) and e(z) yield an LTI filter which implements the adaptation law on a
sample by sample basis.

N_lh (t)z"™
_ue)_ &
e(z) AT (12)

Note that there are N controller poles equally spaced around the unit circle. This
compensator will have infinite gain at each harmonic of the fundamental frequency.
This control law can be refined by using a partial fraction expansion:

K(Z) _ Z T 7, =™/ (13)

k=0 Z— Zy

The residues, ri, can be found from the following Equation:

ShEET ShEE g

=0

) o2 ez P

izk ik ik

The last equality of this equation follows directly from Equation 3 and the definition
of the z-transform. The term in the denominator can be found by applying L’Hopital’s
rule:

N N-1
[1(z -2 )= lim (2" -1), im N N2 =Nz (15)

ek 2% Z— 7,y -z ]
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Thus the residues are given by:

6lz')
= 16
rk NZ;I ( )
And the compensator is therefore:
2z G(z“)
(2) uéN(z—zk) 17

FIG. 9A shows the loop transfer function for the compensator in Equation 17 applied
to a model based on measurements made from applied Rmax voltage to wavelength for
an LNP from a 7000A laser. Note that the transfer function has infinite gain at DC,
the fundamental frequency, and all of its harmonics. This filter will achieve perfect
following of the periodic command, r, provided that it is closed loop stable. A Nyquist
plot for the transfer function with a small amount of damping confirms that the filter is

closed loop stable.

FIG. 9B shows a simulation of this algorithm. The simulation employed a model
based on measurements taken from a 4000 Hz Arf excimer laser. The light line in the
figure represents a wavelength pattern which will yield a desired spectrum when
integrated over a slit width of 30 pulses. The heavy line represents the actual
wavelength output by the laser. The simulation was started with the input signal to
actuator, u(t), set equal to zero for all 30 pulses. The simulation shows that within 250

ms, nearly perfect following of the commanded input has been achieved.

An additional refinement can be made to the control law analogous to using the basis
functions of Equation 7. Instead of allowing the controller to cancel the signal at all
harmonics, we can limit the cancellation to just the first few harmonics by not including
all of the terms in Equation 17.

Loz Gr(z'l ) :
- KT\ — a2nk/N
K (z) ukzn (z - ) Z, =¢€ (18)
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An example of the loop transfer function which results for n=3 is shown in FIG. 9C.
Infinite gain is achieved only at DC and the first three harmonics. Again, a Nyquist
plot (not shown) reveals that stability is still being maximized. Application of this
control law would yield optimal matching of the desired wavelength pattern r, subject

to the constraint that the control signal is band limited.

FIG. 9D showé the simulation using the FIG. 9C transfer function. As before the light
line represents the desired pattern and the heavy line represents the actual wavelength
of the laser. Note that while the cancellation is no longer perfect, convergence was

achieved in only 40 ms, an 84% reduction over the full order case.

Techniques For Bandwidth Tuning Using PZT

For reasons discussed in the previous section, care must be exercised in applying
controls to the PZT in order to vary the center line wavelength to simulate a broader
bandwidth for a series of pulses. This is because the response of the PZT controlled
tuning mirror system is not linear for periodic signal inputs. The apparent gain of the
PZT device increases with higher voltage inputs. Further, even if the system were
perfectly linear, the dynamics might vary over time. A system initially producing the
desired wavelength and bandwidth values would eventually produce distorted values
as the dynamics drifted away from the design point. In fact, substantial resonances are
present in the typical system at high frequency input signals. FIGS. 9A and 9C
indicate the general shapes of damping functions needed to compensate for resonances

at frequencies higher than about 50 Hz.
Other Approaches

The PZT driver can be programmed to simulate virtually any desired spectrum. Some
of the techniques for precisely controlling the wavelength with the PZT driving the
tuning mirror 14 are described in U.S. Patent Application Serial No. 10/027,210,
entitled, “Laser Wavelength Control with Piezoelectric Driver,” filed December 21,
2001 and incorporated by reference herein. For example, FIG. 10A shows a desired
Gaussian spectrum with FWHM of 3.3 pm and a simulated fit for a 30-pulse window
of pulses having a FWHM of 0.8 pm. FIG. 10B shows a proposed sequence of pulses
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for the 30-pulse window in which the center line wavelength follows a generally sine
pattern. FIG. 10C compares the frequency content of a smooth wavelength sequence
such as the FIG. 10B with a random sequence. FIGS. 10D and 10E show the effect of
133 Hz sine pattern and a 30-pulse window and a 40 Hz sine with a 100-pulse

window. FIGS. 10F and 10G show how to produce a flat-top spectrum.

The reader should understand that rapid changes in mirror position result in substantial
non-linearities. One solution could be to synchronize mirror motion with pulse

repetition rate such as shown in FIG. 10H and FIG. 10I.

While particular embodiments of the present invention have been shown and
described, it will be obvious to those skilled in the art that changes and modifications
may be made without departing from this invention in its broader aspects. For
example, partially line narrowed lasers where the bandwidth is line narrowed with a
plurality of prisms and the beam is reflected with a tuning mirror. This technique
would involve dithering the tuning mirror. The peak separation could vary from the
examples shown. Normally, however, the peaks would be offset by at least 0.5 pm. In
lithography, bursts of pulses normally contain about 20 to 400 pulses. Most
lithography units now operate at 1000 Hz or greater. It should also be recognized that
these dithefing techniques helps to eliminate coherence problems. Instead of dithering
the mirror to increase the effective bandwidth, the grating could be dithered with a
dither pattern chosen to produce an effective larger bandwidth or desired effective
spectrum. Therefore, the appended claims are to encompass within their scope all
such changes and modifications as fall within the true spirit and scope of this -

invention.
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CLAIMS

WE CLAIM:

1. A process for providing lithographic exposures utilizing a line narrowed
bas discharge laser, comprising the steps of:

A. modeling with a computer program lithographic parameters to
determine a desired laser spectrum needed to produce a desired
lithographic result,

B. utilizing a fast responding tuning mechanism to adjust center
wavelength of laser pulses in a burst of pulses to achieve an
integrated spectrum for the burst of pulses approximating the

desired laser spectrum.

2. A process as in Claim 1 wherein said burst of pulses are a number of

pulse within the range of about 20 to 400 pulses.

3. A process as in Claim 1 wherein said burst of pulses are produced as a

repetition rate in excess of 1000 pulses per second.

4, A process as in Claim 3 wherein a wavelength spectrum is measured
for each pulse.
5. A process as in Claim 4 wherein wavelength measured for each pulse is

used to control wavelength of one or more subsequent pulses.

6. A process as in Claim 1 wherein said desired laser spectrum comprises

two or more separate peaks.

7. A process as in Claim 6 wherein said two or more peaks are separated
by at least 0.5 picometer.
8. A process as in Claim 6 wherein said desired spectrum comprises three

separate peaks.
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0. A process for producing effective bandwidths of a pulse laser beam of a
narrow band electric discharge laser having a line narrowing unit comprising a grating
and a fast tuning mechanism, said process comprising the steps of:

A)  monitoring said laser beam to determine bandwidth of individual
pulses laser pulses,

B) periodically adjusting the tuning mechanism during a series of
pulses so that the wavelengths of some pulses in said series of
pulses are slightly longer than a target wavelength and the
wavelengths of some pulses in said series of pulses are slightly
shorter than the target wavelength in order to produce for the
series of pulses an average spectrum centered approximately at
the target wavelength with average spectral deviation from the

target wavelength approximately equal to a desired deviation.

10. A process as in Claim 9 wherein said line narrowing unit comprises a

piezoelectric drive unit.

11. A process as in Claim 10 wherein said line narrowing unit comprises a

tuning mirror driven by said piezoelectric drive unit.

12, A process as in Claim 9 wherein the bandwidths of individual pulses are
determined by determining a slit function of a spectrometer, determining a raw data
spectrum, for said laser convolving the raw data spectrum with the slit function to
produce a forward convolved spectrum determining width for the forward convolved
spectrum Wgc and a width of the raw data spectrum, Wy computing an estimate of the
width of the true spectrum Wr by a formula equivalent to:

Wy =Wgr— (Wgc— Wg).
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