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ABSTRACT
We have developed an ultra-line-narrowed, high-repetition-rate, high-power injection-locked F2 laser system for 157
nm dioptric projection systems under the ASET project “F2 Laser Lithography Development Project”. A spectral
bandwidth of < 0.2 pm (FWHM), an output power of > 25 W, and an energy stability (3-sigma) of < 10 % at 5 kHz
repetition rate was successfully obtained by using a low-power ultra-line-narrowed oscillator laser and a high-gain
multi-pass amplifier laser. These parameters satisfy the requirements of exposure tools. A numerical simulation code
that can simulate the spectral dynamics of the F2 laser under different operation modes such as free running operation,
line-narrowed operation, and injection-locked operation, has also been developed. Using this simulation code, it is
found that the instantaneous spectral bandwidth narrows monotonously during the laser pulse, and a narrower spectral
output can be obtained by seeding the tail area of the line-narrowed F2 laser pulse. And the line-narrowing operation of
the oscillator laser and the behavior of the injection-locked laser system can be predicted very precisely with this
simulation code. The development of F2 laser for microlithography will be accelerated by this new simulation code.
Keywords: F2 laser, 157 nm microlithography, line-narrowing, injection locking, spectral bandwidth, numerical
simulation, rate equation, photon transport equation, MOPA

1. OUTLINE OF THE DEVELOPMENT
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Basically two optical projection designs exist for
157 nm exposure tools to be used for 65 nm node
lithography: dioptric and catadioptric. The relation
between the laser spectral bandwidth and the laser
output power necessity for two projection designs
is shown in Figure 1. The catadioptric design uses
mirrors, which avoid wavelength dispersion.
Therefore, the catadioptric design has a much
larger margin for the spectral bandwidth of the
light source. The catadioptric design requires a
bandwidth of 0.8 ~ 1.2 pm in full width at half
maximum (FWHM) at 157 nm. For the dioptric
design the chromatic aberration has to be corrected
by applying at least two different lens materials:
for example CaF2 and BaF21. Alternatively, an
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Figure 1: Laser type, spectral bandwidth and projection design
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ultra-line-narrowed F2 laser has to be used. The spectral bandwidth (FWHM) and the spectral purity, the bandwidth
containing 95 % of the spectral energy, have to be < 0.2 pm and < 0.5 pm respectively. A high throughput requires a
repetition rate of 5 kHz. Due to optical losses in the exposure tool, a laser pulse energy of 5 mJ is necessary. An energy
stability below10 % (3-sigma) and wavelength stability below +-0.05 pm are also required for stable microlithography
processing. However, it is quite difficult to achieve efficiently such a high output power and an ultra-line-narrowed
bandwidth simultaneously due to existence of Amplified Spontaneous Emission (ASE) and due to the small number of
round trips available. We solved this problem by developing an injection locked laser system: a low power oscillator
laser with an ultra-line-narrowed bandwidth and a power amplifier laser, which has a resonator.
In addition, to understand the spectral dynamics of a line-narrowed F2 laser and to obtain a design guideline for an
optimized laser system, we have also been developing a numerical simulation code that calculates laser pulse shape and
spectral bandwidth. The simulation results are compared with experiments.

2. SYSTEM CONFIGURATION
A photograph of the laser system2 is shown in
Amplifier Laser
Figure 2. A prism-grating arrangement is used for
Oscillator Laser
line narrowing in the oscillator laser. The prisms
are made from CaF2 and their optical surfaces were
all Anti-Reflection (AR) coated. The output coupler
(OC) of the oscillator laser is a flat mirror with
10 % reflectance. For the amplifier laser, an
unstable resonator of magnification 5 is adopted.
The rear mirror of the unstable resonator has a hole
in the center to pass the seed laser beam of the
oscillator. The output coupler of the amplifier laser
has a high-reflection (HR) coating in the center
region and an AR coating in the outer region that
transmits the amplifier laser. By using jitter reduced
synchronization controller, the discharge delay time
Measurement System
between the oscillator laser and amplifier laser can
be adjusted. Both resonator mirrors of the amplifier
laser are removed when we measure the saturation
Figure 2: Photograph of the ultra-line-narrowed F2 laser system
characteristics. This configuration is called Master
Oscillator Power Amplifier (MOPA). The
chambers have side windows to monitor the fluorescence sidelight. A high-resolution spectrometer and a highresolution absolute wavelength meter were used to measure the spectral performance3, 4, 5. The instrument function of
the spectrometer was measured with a 157 nm coherent light source6 and its FWHM was about 0.1 pm. The wavelength
meter uses a bromine lamp7 as a wavelength standard. Laser pulses and fluorescence sidelights were detected by a biplanar phototube. The pulse-to-pulse energy stability is measured by a VUV-sensible PIN-photodetector.
All the system is interconnected with a N2 purged beam delivery unit to avoid oxygen and other gas contamination.
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Figure 3: Laser system configuration
1364

Proc. of SPIE Vol. 5040

3. NUMERICAL SIMULATION
Outline of the code
The numerical simulation code consists of
(1) the electrical circuit code, which describes the discharge circuit of the F2 laser
(2) the Boltzmann code, which calculates the electron energy distribution function
(3) the rate equation code, which treats collisional excitations and de-excitations between particles and the emission and
the absorption of photons
(4) the photon transport code, which describes the light amplification by the stimulated emission inside the laser cavity
Although self-consistent results can be obtained by coupling the above four codes8, it is difficult to obtain accurate
results. This is partly due to the fact that there are many unmeasured parameters of the F2 molecule and the collision
processes. For instance, even the collisional decay rate of the lower laser state, that greatly affects the laser operation
through the so-called bottleneck effect, has not been measured.
To obtain more practical results, experimental results such as the fluorescence sidelight and the pulse shape under free
running operation of F2 laser were combined with the simulation code. F2 lasers are considered to be a two-level laser
system. The temporal pulse shape of the pumping rate is approximated with that of the fluorescence sidelight of the
laser, although the pumping rate can be obtained by solving the Boltzmann code, the circuit code and the rate equation
code.
Rate equation and the photon transport equation
We define I+ and I- as the power density of the laser beam at a wavelength λ that propagates forward and backward in
the resonator respectively. Setting the z-axis along the optical axis of the resonator, it was assumed that the optical
intensity in the plane perpendicular to the z-axis was uniform. We also assume that the pressure broadening
homogeneously broadens the fluorescence spectrum of the F2 molecule. Based on the above model, I ± satisfy the
following rate equation [Eq. (1)(2)] and the photon transport equation [Eq. (3)].

[

]

N ( z, t )
∂N 2 ( z , t )
σ (λ ) +
I (λ , z , t ) + I − (λ , z , t ) − 2
= P (t ) − [N 2 ( z , t ) − N 1 ( z, t )]× ∑
− Q 2 (t ) N 2 ( z , t )
τ2
hν
∂t
λ

[

]

(1)

N ( z, t )
∂N 1 ( z , t )
σ (λ ) +
I ( λ , z , t ) + I − (λ , z , t ) + 2
= [N 2 ( z , t ) − N1 ( z , t )]× ∑
− Q1 (t ) N1 ( z, t )
τ2
hν
∂t
λ

(2)

∂I ± (λ , z , t ) ∂I ± (λ , z , t )
±
= c{[N 2 ( z , t ) − N1 ( z , t )]σ (λ ) − α }I ± (λ , z , t )
∂z
∂t

(3)

c

N1 and N2 are the population densities of the lower and upper laser-states, respectively. σ is the stimulated emission
cross section, α is the additional absorption loss, P(t) is the pumping rate, Q1 and Q2 are the relaxation rates of the lower
and upper states. τ2 is the radiative lifetime of the upper state.
Numerical calculation and parameters
For the numerical calculations, the resonator was divided into many cells with a thin thickness along the z-axis. In
addition, in each cell, the beam was divided into a large number of groups with respect to the wavelength with a width
of ∆λ, in order to calculate an oscillation spectrum. Then the set of the rate equations and the photon transport equation
were solved by the Runge-Kutta method and the finite difference method. The radiative lifetime was taken from ref. 9.
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The stimulated emission cross section of the F2 molecules can be calculated based on the saturation measurements
described below. The relaxation rate of the upper state Q2 was calculated separately using the circuit code, the
Boltzmann code and the rate equation code. The waveform of P(t) was approximated by the measured fluorescence
sidelight without cavity mirrors, and its peak value P0 and the relaxation rates of the lower state Q1 are adjusted so that
the calculated laser pulse shape agrees with the experimental one for free running operation.

D’3P2g : Upper state
Population density N2
Q2(t): relaxation rates
[calculation]
Boltzmann code
rate equation
circuit equation

・
・
・

Radiative
lifetime: τ2

stimulated emission
Pumping rate
σ : cross section
P(t) = P0 F(t)
A’3P2u : Lower state [measurement] F(t): Fluorescence
Population density N1
side light
[measurement]
Q1(t): relaxation rates
P0: [Parameter Fitting]
[Parameter Fitting]
Figure 4: Laser model for simulation code

4. SYSTEM PERFORMANCE

The gas condition of the oscillator laser is optimized gas
condition to get a line-narrowed bandwidth effectively. A too
high gain operation causes undesirable ASE. The measured
bandwidth FWHM of the oscillator laser is 0.24 pm. The true
laser bandwidth FWHM is 0.17 pm, which is estimated by
deconvolving the instrumental function. The output energy of the
oscillator laser is 0.45 mJ. The line narrowing efficiency, defined
by [line narrowed energy] / [free running energy], is about 25 %.
The output energy of the amplifier laser without seeding is about
5 mJ.

Frequency

4. 1 Single laser performance and jitter
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Jitter control is one of the major issues for a synchronization
system. For example, if the power supply has a charging stability
Figure 5: delay time fluctuation between lasers
of about 0.5 %, the discharge fluctuation will be around 20 ns for
a single laser. Without the jitter controller, the fluctuation of the
delay time was about +-30 ns. With the newly developed jitter compensation controller, the fluctuation of the delay time
jitter is reduced to below +-10 ns at 5000 Hz. Figure 5 shows the delay time fluctuation between the oscillator and the
amplifier laser.
4. 2 Saturation characteristics
The output energy dependence on the input energy of the injection locked and MOPA system is shown in Figure 6.
Here, MOPA is examined to know the stimulated emission cross section. For the injection locked system, a very low
injection energy density of about 0.01 mJ/cm2 is required to saturate the output energy. Since this is small compared to
the oscillator performance, stable system operation is possible.
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Based on an analytical result10 concerning saturation effects in lasers, the following equation connecting input power Iin
and output power Iout is obtained when the input laser is amplified by a power amplifier, which has a small signal gain
coefficient g0 and gain length L.

ln (I out − I in ) = g 0 L − (I out − I in )×

στ 2
hν

(4)
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Figure 6: output energy versus input energy
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4.4 Spectral performance
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The energy and the energy stability at 5000 Hz operation
are shown in Figure 8. For a delay time above 50 ns the
output energy decreases due to the reduction of the
injection power. Over 50 ns time range both target values,
> 5mJ and < 10 %, is satisfied.
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Figure 7: MOPA saturation characteristics

4. 3 Energy performance
The term "delay time" defines the time delay between the
amplifier laser and oscillator laser. With increasing delay
time, the tail of the oscillator laser pulse is injected into
the amplifier laser.
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The stimulated emission cross section is estimated by the slope of Figure 7, and this result is used in the following
numerical simulation, although it also can be obtained by the shape of the fluorescence spectrum.
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Figure 9 shows the deconvolved spectral bandwidth
Figure 8: energy and energy stability versus delay time
versus delay time. The bandwidth narrows with
increasing delay time, because the injected oscillator
bandwidth becomes narrower due to increasing roundtrips. The bandwidth is less 0.2 pm for a time range of about 60 ns. The oscillator laser pulse intensity is not high
enough to narrow the amplifier laser spectral bandwidth after 100 ns time delay and the bandwidth increases again. The
typical spectral shape at a delay time of 62 ns is shown in Figure 10. Deconvolved spectral bandwidth and purity are
0.12 pm, 0.45 pm, and are narrower than that of the oscillator laser.
The performance of the laser system target and result is summarized in table 1. We have successfully cleared all target
parameters.
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Figure 9: spectral bandwidth versus delay time

Parameters
Repetition Rate
Pulse Energy
Average Power
Energy Stability (3-sigma)
Spectral Bandwidth (FWHM)
Spectral Purity (95%)
Wavelength Stability
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Figure 10: spectra of the laser system

Target
5000 Hz
5 mJ
25 W
10 %
0.2 pm
0.5 pm
+- 0.05 pm

Result
5000 Hz
6 mJ
30 W
5.6 %
0.12 pm
0.45 pm
+- 0.04 pm

Table 1: target and result performance of the laser system

5. SIMULATION COMPARED WITH EXPERIMENT
In this section, the results of the numerical simulation for free running operation, line-narrowed operation, and injection
locked operation are shown and compared to the experimental results that are measured by the described system.
5. 1 Free running operation
In free-running operation mode, a stable resonator with flat output coupler and HR mirror is used. The fitting
parameters, Po and Q1, are adjusted to have good agreement with the experiment. Best-parameter-fitted simulated laser
pulse shape is shown in Figure 11. These fitted values are used for all cases. The behavior of ASE is also shown as a
reference.
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Figure 11: Laser pulse shapes in free running operation
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Figure 12: Laser pulse shapes in line narrowed operation

5. 2 Line-narrowed operation
1
Bandwidth/Conv. [pm]

In this calculation, the wavelength dependence was taken into
account. The cavity length was also changed to that of the
line-narrowed F2 laser. The calculated laser pulse waveform is
shown in Figure 12, along with the experimental one. Both
oscillation pulse shapes well coincide. Thus, it was confirmed
that the present method is able to accurately predict the laser
pulse shape. The temporal change of the spectral bandwidth
FWHM during laser pulse is shown in Figure 13 and
compared with the measured time-resolved spectral
bandwidth, which is taken by the high-resolution spectrometer
equipped with a streak camera. Due the relatively weak
signal, the convolution value is, however, used for
comparison. As shown in Figure 13, the spectral bandwidth
decreases with increasing photon round-trips in the linenarrowing resonator.
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Figure 13: instantaneous bandwidth of the oscillator

5. 3 Injection-locked operation
Next, the injection-locked operation was simulated. The line-narrowed laser beam from the oscillator laser is injected
into the amplifier's cavity that can provide appreciable output energy. In the numerical simulation of the injectionseeded operation, the pulse shape and the spectral charcteristics of the seeder were adopted as follows. For the pulse
shape, the experimental pulse shape was used. We assumed that the bandwidth of the seeder decreased with time as
obtained by the simulation in Figure 13. This seed pulse was added to the 1st sub-cell of the amplifier laser cavity in the
calculation. A similar behavior as in Figure 9 is obtained for the spectral performance.
It is very important to note that the time-integrated bandwidth of the amplifier laser can be narrower than that of the
oscillator laser by optimizing the seed timing. The integrated bandwidth of the oscillator laser has not to be < 0.2 pm.
Only the time-resolved bandwidth of the injection laser pulse should be < 0.2 pm, in order to achieve < 0.2 pm with the
synchronization system.
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6. CONCLUSION
For a wide time range of 50 ns, an energy of > 5 mJ and an energy fluctuation (3-sigma) < 10 % was obtained with
satisfying spectral performance. We conclude that the key technologies for an ultra-line-narrowed injection locked F2
laser system have been developed and that the system is a promising light source candidate for 157 nm dioptric
projection systems. A numerical simulation has also been developed, in order to investigate the spectral dynamics of a
line-narrowed F2 laser. The simulated results show good agreement with the experiment. Using this code, the
development of an ultra-line-narrowed F2 laser for microlithography will be accelerated.
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