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The authors present evidence of the reduction of fast ion energy from laser-produced Sn plasma by
introducing a low energy prepulse. The energy of Sn ions was reduced from more than 5 keV to less
than 150 eV nearly without loss of the in-band conversion from laser to 13.5 nm extreme ultraviolet
(EUV) emission as compared with that of a single pulse. The reason may come from the interaction
of the main pulse with preplasma instead of the full density solid surface. This makes it possible to
use the full density Sn target in the practical EUV lithography source. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2349831]

Extreme ultraviolet (EUV) lithography (EUVL) is a
leading candidate for the next generation lithography tools in
the semiconductor industry to produce smaller and faster mi-
crochips with a feature size of 32 nm or less." However,
several challenges must be addressed before applying it to
high volume manufacture (HVM); one of them is to develop
an efficient, clean, and powerful EUV light source.” Laser-
produced plasma has been one of the most promising EUV
light source candidates. Because of the availability of optics,
most of the efforts focus on in-band (2% bandwidth)
13.5 nm EUYV light. Recently, efforts around the world have
greatly improved the conversion efficiency (CE) from laser
to in-band 13.5 nm light. For example, 3% CE has been
demonstrated using a solid density Sn target.3 However, miti-
gation of heavy debris from the plasma remains a critical
issue.” H, C, N, and O are also very critical to the collector
optics due to the high duty cycle.

A large number of ions with several keV of kinetic en-
ergy could be generated in laser-produced Sn plasma under
conditions favorable for efficient 13.5 nm EUV emission,
and numerous neutral particles with sizes up to several tens
of micrometers are produced by plasma expansion and re-
combination during the expansion. Low density Sn-doped
plastic foam,*’ Sn-doped water droplet targets,6 and fine Sn
particles driven by gas puff have been investigated as mass-
limited targets to mitigate Sn particles. However, extra C, O,
and H ions with very high velocity are inherently generated
from these targets. Conventional methods have individual
limitations. For example, gas cannot stop large size debris
and results in absorption of EUV light. Electric and magnetic
fields inherently cannot mitigate neutral particles. To date, no
existing technique can meet the requirements of a practical
EUV lithography system for HVM.

Besides total yield, the ion energy is also important due
to its impact on collector optic damage. The sputtering rate
of optics induced by Sn ions strongly depends on the energy
of the particles. If the kinetic energy of the particles can be
slowed down to around 100 eV, the sputtering rate could
decrease more than an order of magnitude as compared with
that of ions above 1 keV.” In addition, lower energy particles
are easier to remove using conventional methods, such as
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ambient gas, electric field, and their combination. In very
recent time, increasing efforts to reduce the ion kinetic en-
ergy have been carried out. For example, Sn foil punched off
by a laser-excited shock wave showed approximately ten
times reduction in ion kinetic energy.

Ion acceleration in laser-produced plasmas can be as-
cribed to free expansion of the plasma into vacuum. The
plasma expansion is determined by the initial ion density
profile and external energy source. It should be possible to
control the ion kinetic energy by controlling the initial ion
density profile. A prepulse is a convenient way to introduce a
preformed particle density profile. Xe ion energy was re-
duced by a factor of ~10 in laser-produced Xe jet plasma
with a prepulse.9

In this letter, we demonstrate more than 30 times reduc-
tion in Sn ion kinetic energy from laser-produced Sn plasma
by introducing a low energy prepulse nearly without loss of
in-band conversion efficiency as compared with single pulse.
This is a higher reduction in Sn ion energy than all other
existing methods. The likely reason comes from the interac-
tion of the main laser pulse with the preplasma instead of the
full density surface. This provides a simple and efficient way
to control the particle energy in the applications of laser-
produced plasma from solid target.

The experiments were carried out using two lasers. One
is a picosecond neodymium doped yttrium aluminum garnet
(Nd:YAG) laser (EKSPLA), which generates a 1.064 um la-
ser pulse with pulse widths from 130 to 600 ps, acting as the
prepulse. The other is a 7 ns Nd:YAG laser producing a
1.064 um laser pulse with an energy of 650 mJ at 10 Hz.
This laser is used to heat the EUV plasma, called the main
pulse hereafter. The two lasers are synchronized by a pulse
delay generator (Stanford DG535), with a jitter less than
0.5 ns. The two pulses are combined into a collinear path by
a cube polarizer and focused onto the surface of a target
placed in a vacuum chamber at normal incidence by one
shared planoconvex lens with a focal length of 300 mm. The
focal spot diameters (full width at half maximum) of the
main pulse and prepulse are 100 and 300 um, respectively.
The target is bulk pure Sn slab. Vacuum in the chamber can
be pumped down to 107° Torr.

The ion energy spectrum was measured with a Faraday
cup (FC) from Kimball Physics, which is placed at a distance
of 15 cm from the plasma. The FC is biased with a =30 V

© 2006 American Institute of Physics

Downloaded 25 Sep 2006 to 132.239.202.226. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2349831
http://dx.doi.org/10.1063/1.2349831
http://dx.doi.org/10.1063/1.2349831

111502-2 Y. Tao and M. S. Tillack
i -=-=-- 840ns
06 - - - 440ns
—_ — = 140ns
g single pulse
o
2
=
c
Ke]

2 4 6 8 10 12 14
Flight Time (us)

FIG. 1. (Color online) Typical time of flight profiles of Sn ions from laser-
produced plasmas driven with a single pulse (greed solid line) or with a dual
pulse having various delay times of 140 ns (blue dashed line), 440 ns (red
dotted line), and 840 ns (black short-dashed line).

voltage. The angular distribution of ions was measured by
placing the FC at various angles from 10° to 90° with respect
to the target normal. In-band CE was measured with a cali-
brated EUV energy monitor (E-mon) from Jenoptik, which
consists of a Zr filter, two near-normal-incident multilayer
Mo/Si mirrors, and an x-ray photodiode. The CE is inte-
grated over a 2 solid angle. The E-mon is installed in the
plane of laser incidence at an angle of 45° with respect to the
target normal. The signals from both the E-mon and FC are
recorded and processed with a digital oscilloscope.

Typical time of flight (TOF) data for Sn ions from laser-
produced Sn plasma driven with single (solid line) and dual
pulses at various delay times of 140, 440, and 840 ns (dashed
lines) are shown in Fig. 1 (color online). The data were mea-
sured by the FC placed at 10° with respect to the target
normal. The zero point represents the delay time in which the
peaks of the pre- and main pulses overlap each other. The
laser intensity of the main pulse is always 2 X 10" W/cm?.
The prepulse laser energy is 2 mJ. It is seen that in the case
of a single pulse, most of the ions are located at times earlier
than 4 us, and their flux peak is located at 1.7 us. However,
using a prepulse with a delay time longer than 140 ns, a
significant shift towards later time is seen. With delay time of
840 ns, the peak of the flux moves to 10 us.

The kinetic energy of ions at the peak flux as shown in
Fig. 1 is calculated at various delay times using the kinetic
energy formula E=1/2my?, where v=d/t is the velocity of
the ions, d=15 cm is the distance from the plasma to the FC,
and m; is the atomic mass of Sn. The reduction factor of the
ion kinetic energy obtained from dual pulse as compared
with that obtained from a single pulse is shown in Fig. 2
(dots) (color online). When a prepulse is introduced with a
delay time around 840 ns prior to the main pulse, the ion
energy at the flux peak is reduced to less than 150 eV from
higher than 5 keV obtained with a single pulse. More than 30
times reduction in ion kinetic energy is achieved.

In-band conversion efficiency was measured in the same
shots as the ion TOF measurements. Typical results are plot-
ted in Fig. 2 (squares) as a function of delay time. Each point
represents the average of three shots. The in-band CE in the
case of a single pulse, measured under the same conditions
as the measurement for dual pulse except that the prepulse
was blocked, is 2%. When the delay is less 20 ns, there is an
~10% enhancement of CE as compared with a single pulse.

The enhancement of plasma emission by introducing a
prepulse has been recognized for a long time.'’ However,
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FIG. 2. (Color online) Reduction factor in ion kinetic energy at the flux peak
(dots) and in-band conversion efficiency (squares) as a function of delay
time between pre- and main pulses.

when the delay time is above 40 ns, the CE starts to drop and
reaches a local minimum around 140 ns. After that, the CE
recovers and reaches a value very close to that of a single
pulse when the delay time ranges from 800 to 1200 ns. A
lower CE is obtained with a delay time longer than 1200 ns.
Recalling the measurement of ion energy, with a delay time
around 800 ns, a large reduction in ion kinetic energy is ob-
tained while almost the same in-band conversion efficiency
is achieved as compared with that of a single pulse.

There are two possible mechanisms for the main pulse
interaction with the target. One is that the main laser pulse
passes through the low density preplasma and interacts with
the full density target surface. The main plasma expands into
vacuum, passing through the low density preplasma. The fast
ions are slowed by collisions between the main and preplas-
mas. The stopping power of neutral gas can be simplified
as

S =kZ,Z3LI3, 1)

where k=0.3071/Z, having units of keV/(mg/cm?), Z, and
Z, are atomic numbers of particle and ambient gas, respec-
tively, L is the stopping number, and S=v/c is the relative
velocity of particles. Equation (1) predicts that gas is more
effective at stopping slow ions rather than fast ions. How-
ever, recalling that fast ions is more efficiently stopped than
slow ions in our case, this cannot explain our experiments.
The other possible mechanism is that most of the main
laser pulse is deposited inside the preplasma and blocked
from the solid target surface. It has been shown under very
similar conditions that laser energy could be absorbed within
a wide underdense plasma region in laser-produced Sn
plasma rather than localized near the critical density.12 Be-
cause the intensity of the prepulse, 2 X 10'° W/cm?, is above
the threshold of phase explosion,13 the preplasma should in-
clude two plumes separated in time: One is well known as
thermal plume occurring from the start of the laser pulse
with an expansion velocity of 10 cm/s, the other is a cold
plume due to the phase explosion appearing at several hun-
dreds of nanoseconds after the laser pulse with an expansion
velocity of 10* cm/s, called pre-cold-plume hereafter. When
delay time is less than 20 ns, the main laser pulse mainly
interacts with the thermal plume with a suitable density for
efficient EUV generation; however, small reduction in ion
energy is observed due to its steep density profile. When
delay time is longer than 40 ns, the density of the thermal
plasma becomes not high enough to generate efficient

13.5 nm EUYV light, but it still blocks a significant ener%y of
t.jsp
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FIG. 3. (Color online) Angular distributions of ion kinetic energy at the flux
peak with single (squares) or dual pulses (dots).

the main pulse, so lower CE is resulted, and the CE reaches
its minimum at 140 ns. After that time, more energy of the
main pulse can pass through the thermal plasma with less
density, and the pre-cold-plume starts to appear in front of
the target surface, the transmitted main pulse interacts with
the pre-cold-plume instead of the full density surface. But at
the times less than 800 ns, the density profile of the pre-cold-
plume is still too steep, then CE starts to recover but the
reduction in ion energy is still small. At delay times from
800 to 1200 ns, the thermal plasma should nearly disappear;
and the pre-cold-plume forms a lower and smooth density
profile. In this case, the plasma density is suitable for effi-
cient 13.5 nm EUV generation, and the initial smooth ion
density profile should result in inefficient ion acceleration in
free expansion of the main plasma. So high CE and large
reduction in ion energy are observed at these times. At longer
delay time (>1200 ns), the density of the pre-cold-plume
also becomes too low both to generate efficient 13.5 nm
EUYV light and to block all of the main laser pulse to reach
solid target, so lower CE and small reduction in ion energy
are resulted. In order to clarify this phenomenon completely,
further plasma diagnostic and theoretical efforts need to be
carried out.

The angular distribution of ion kinetic energy at the flux
peaks with (squares) and without (dots) the prepulse is
shown in Fig. 3 (color online). The laser intensity is constant
at 2X 10" W/cm?. The delay time is fixed at 840 ns. The
prepulse energy is 2 mJ. In the case of a single pulse, a peak
of ion energy appears at the target normal direction and the
ion energy drops with increasing angle. However, the intro-
duction of the prepulse results in an almost uniform angular
distribution. This shows that this technique is effective at
reducing the ion kinetic energy over the whole range of
angles, but especially effective at small angles with respect
to the target normal direction.

The effect of pulse duration was investigated by adopt-
ing 130—-600 ps at the same conditions. It was noted that a
short pulse is not necessary. But when a longer pulse is used,
more energy is required to achieve high reduction factors.
Lasers with pulse duration less than 20 ps and energy less
than 1 mJ working at 100 kHz are commercially available
and economical to operate. It is worthy to note that in our
experiments the focal spot of prepulse is much larger than
that of the main pulse. So the necessary energy of prepulse
can be reduced further.

The kinetic energy of neutral particles from laser-
produced plasma is also potentially reduced with the intro-
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duction of a prepulse, because most of the energy of the
neutral particles can be ascribed to the kinetic energy of ions.

The combination of this technique (dual pulse) with am-
bient gas or a gas-puff curtain makes it possible to use full
density mass-limited Sn targets in an EUVL source for
HVM. In that way, the kinetic energy of the particles from
the plasma is reduced by the use of double pulse, then the
slowed particles are mitigated by the gas or the gas-puff
curtain.

To summarize, a technique based on dual-pulse irradia-
tion is investigated to mitigate the fast ions from laser-
produced Sn plasma. More than 30 times reduction in ion
peak energy was obtained by introducing a 2 mJ prepulse
laser. At the same time, in-band conversion efficiency from
laser to 13.5 nm EUV emission is almost the same as that of
a single pulse. The likely mechanism is the interaction of the
main pulse with the preformed neutral particles having a
lower density profile instead of the full density initial target
surface. The technique is simple in experimental arrange-
ment, and no large modification is necessary to couple it into
existing laser systems. This also makes it possible to apply
full density Sn targets to a practical EUVL source. In addi-
tion to an EUVL source, this result also provides an efficient
and economical way to control the particle energy in the
applications of laser-produced plasmas, such as pulsed laser
deposition and soft and hard x-ray sources. Further experi-
mental and theoretical efforts are being carried out to clarify
the physics dominating the ion acceleration from the interac-
tion of laser-produced plasma driven by a dual pulse.
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