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Laser-produced plasmas (LPP) from Sn targets are seriously considered to be the light source for
extreme ultraviolet (EUV) next generation lithography, and optimization of such a source will lead
to improved efficiency and reduced cost of ownership of the entire lithography system. We
investigated the role of reheating a prepulsed plasma and its effect on EUV conversion efficiency
(CE). A 6 ns, 1.06 um Nd:yttrium aluminum garnet laser was used to generate the initial plasma
that was then reheated by a 40 ns, 10.6 um CO, laser to generate enhanced EUV emission from a
planar Sn target. The effects of prepulsed laser intensity and delay timings between the prepulsed
and the pumping pulse were investigated to find the optimal pre-plasma conditions before the
pumping pulse. The initial optimization of these parameters resulted in 25% increase in CE from
the tin LPP. The cause of increased EUV emission was identified from EUV emission spectra and

ion signal data. © 2011 American Institute of Physics. [doi:10.1063/1.3647779]

. INTRODUCTION

Extreme ultraviolet lithography is being considered as
the light source for the next generation of semiconductor
manufacturing. In order for EUV lithography to become
commercially viable, an efficient and clean EUV source
emitting at 13.5 nm must be identified. The 13.5 nm was
chosen as the wavelength because multilayer mirrors made
of Mo/Si provide relatively high reflectivity of about 70% at
this wavelength and do not pose health risks of Be-based
multilayer mirrors at other EUV wavelengths. The Mo/Si
mirrors also exhibit a broader reflectivity peak than Be-based
mirrors, allowing for a larger bandwidth interval ( = 2%) for
13.5 nm radiation collection.! However, high volume manu-
facturing (HVM) tools will require® in-band EUV power
around 200 W, with future systems requiring up to 500 W,
which is considered to be very challenging. An efficient and
debris-free source is the prerequisite for moving lithography
technology from optical to EUV wavelengths.

Once a wavelength was identified for EUV lithography, a
source needed to be identified. The two competing methods
currently considered for generating EUV photons are the
discharge-produced plasma (DPP) and laser-produced plasma
(LPP). Considerable efforts for improving the efficiencies of
both techniques are ongoing.”™* The EUV emission of several
materials was investigated, and it was found that Li, Xe, and
Sn plasmas emit well within the 13.5 nm bandwidth. Li is a
line emitter while Xe and Sn exhibit broad-band emission, all
centered near 13.5 nm.” Radiation near 13.5 nm from Xe plas-
mas comes only from the transition by Xe'®" ions, while other
transitions emit strongly near 11 nm, which is not useable. For
Xe DPP systems, conversion efficiency (CE) of only about
1% has been achieved.® Using several experimental schemes,
Xe LPP systems have only been able to achieve a CE of
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0.6%—1.0%.%® Emission from Sn plasmas is broad and peaks
at 13.5 nm. This region is referred to as the Sn unresolved
transition array (UTA) and is caused by transitions in Sn®" to
Sn'** ions. Due to its high CE of 13.5 nm in-band radiation,
Sn has become the main current material of interest for EUV
lithography. Using a laser pulse to vaporize’ the target before
discharge, Sn DPP systems have achieved CE of about 2%.
One limitation for DPP systems is a source size larger than the
lithography system’s etendue allows. For LPP, the source size
is smaller and etendue mismatch is not a concern. Sn LPP
research®' %! has yielded higher experimental CE results of
2%—5% depending on experimental parameters, with model-
ing studies predicting up to 7%."* Due to better scalability for
HVM scanners, LPP research has taken precedent over DPP
efforts for future high-power EUV sources.”"?

In a LPP system, several key systems specifications must
be chosen which will affect the EUV emitting plasma and the
cleanness of the system. These include target geometry, laser
parameters, laser irradiation scheme, and debris mitigation
techniques.™'* For generating Sn plasmas, several target geo-
metries have been explored, including thin film,"> planar
slab,'® grooved planar slab,'" Sn-doped foam,'” and micro-
droplet.'*'®' Grooved planar Sn targets have been shown to
achieve CE of 5% because the grooves cause hydrodynamic
confinement of the plasma, generating an area of efficient
EUV production.'" Thin films, Sn-doped materials, and
microdroplets are used as mass-limited targets. Sn LPPs gen-
erate significant amounts of debris that over time cover and
degrade the collection optics of HVM systems, thereby limit-
ing the lifetime of the system. Using mass-limited targets, the
EUV emitting plasma will be less dense, and less debris will
be collected on the optics. While mass-limited targets will
emit fewer EUV photons due to a lower plasma density, the
lower photon count is offset by less self-absorption because of
lower plasma opacity.” For this reason mass-limited targets
are able to provide similar CE to larger-mass targets. Laser
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parameters such as wavelength,'® intensity,>' and spot size*
have been shown to affect the CE of EUV and the ion/debris
dynamics of Sn plasmas.

One of the most crucial parameters for optimizing CE
from LPPs is the laser wavelength used to induce emission.
Initial LPP EUV research was conducted primarily with
Nd:YAG lasers operating at 1.06 pum. In 2005, Tanaka
et al.>* showed the potential of the CO, laser at 10.6 um as
EUV sources. A CO, LPP provides better spectral purity
compared to Nd:YAG LPP due to lower plasma opacity.'®
Though a CO, laser produces ions with higher kinetic ener-
gies than those from Nd:YAG laser, the particle emission
and debris accumulation from CO, LPP was less than one
fourth that from Nd:YAG laser when compared at the same
laser energy.'®***> The difference between CO, and
Nd:YAG LPPs is due to their large difference in critical den-
sities. Note'? that critical density is inversely proportional to
the laser wavelength: n,. o 2~2. When the plasma density is
higher than the critical density for the CO, LPP, the plasma
is considered opaque to further laser irradiation. Because of
this, the CO, laser radiation is absorbed in the outer region
of the plasma, rather than penetrating through the plasma
and heating/ablating more material from the target surface.
This causes higher ion energies and less ablated target
material, leading to significantly lower particle emission.
Due to its shorter wavelength, the opposite is often true for
Nd:YAG laser radiation. When plasma density is lower
than the critical density, the Nd:YAG radiation is able to
penetrate through the plasma, depositing more energy near
to the critical density region, rather than reheating the
already ablated material. This generates lower ion energies,
but higher particle emission due to the increase in ablated
target material.

Implementation of a double pulse laser irradiation
scheme has also been shown to increase EUV and x-ray yield
by other researchers.*'®?*?7 Recent modeling studies
showed that such a scheme will provide CE~7%." In a
double pulse scheme, parameters of each laser pulse must be
optimized to achieve the best results, greatly increasing the
number of variables to consider for optimizing the CE.
Ideally, in a double pulse scheme, a lower energy pre-pulse
will ablate the target of interest, and the second pulse will be
used to reheat the plasma efficiently to emit more EUV pho-
tons. In this article, we investigated the effect on EUV con-
version efficiency of a CO, laser reheating a plasma, initially
generated by Nd:YAG prepulse. The prepulse laser intensity
and the delay timings between the prepulse and pumping
pulse were varied to determine the optimum conditions for
enhancing the CE. The EUV emission spectra and ion yield
data from a Faraday cup (FC) were used to identify the direct
causes of CE enhancements that were seen.

Il. EXPERIMENTAL DETAILS

A schematic illustration of the experimental setup in our
center for materials under extreme environment (CMUXE)
lab is shown Fig. 1. Two lasers were used in our experi-
ments. A 6 ns full width half maximum (FWHM), 1.06 um
Nd:YAG laser was used as the prepulse to generate a
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FIG. 1. (Color online) Schematic illustration of the experimental setup.
(PTG, delay generator; WP, wave plate; C, cube polarizer; BD, beam dump;
R, reflective optics; L, lens; FC, Faraday cup; TGS, transmission grating
spectrograph). The Nd:YAG laser generates a pre-plasma that is reheated by
the CO, laser at a set delay time. Timing generators are used to control
triggering of both lasers.

pre-plasma serving as a lower-density Sn target, and a 40 ns
FWHM, 10.6 um transversely excited atmospheric (TEA)
CO, laser was used as the pumping pulse to reheat the pre-
plasma and generate EUV emission. A plasma shutter was
used with the CO, laser to eliminate the long tail of the laser
pulse, resulting in a Gaussian pulse profile that interacts with
the target.”® A planar Sn target was positioned in the center
of a vacuum chamber of pressure ~5 x 10~® Torr. Both
lasers interacted with the target at an angle of ~5° off-
normal. The target was moved to a fresh position for each
laser shot. Spot sizes used were ~225 um for the CO, laser
and 100 um and 250 pm for the Nd:YAG laser. A combina-
tion of two delay generators (DG) was used to change the
timing between pulses from the two lasers. One DG was
used to trigger the flash lamps of the Nd:YAG laser at 10 Hz
in order to minimize thermal lensing effects. The second DG
was used to trigger both lasers and vary the delay time
between pulses. All experiments were performed in a single
shot manner.

The energy spectra and ion dynamics of the Sn plasma
were collected using a FC. The FC was positioned ~17 cm
from the target at an angle of 15° off-normal and was biased
with a —31 V dc voltage. In-band CE is found using an abso-
lutely calibrated EUV power tool. This instrument consists
of two 150 nm Zr filters, a Mo/Si mirror, and an EUV photo-
diode, which collects light at 13.5 nm within a 2% band-
width. The EUV CE is integrated over a 2x sr solid angle.
Data from the FC and EUV power tool are collected and
stored using a 1 GHz digital oscilloscope.

The EUV light spectrum emitted from the plasma was cap-
tured using an EUV transmission grating spectrograph (TGS)
with a silicon nitride 10 000 lines/mm grating, connected to a
back-illuminated charge coupled device (CCD). Images of the
emission region were captured using a pinhole camera coupled
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to x-ray CCD. The pinhole camera used a Zr filter with 50 um
pinhole to capture emission in the 7-15 nm EUV region at
11.5 x magnification.

lll. RESULTS AND DISCUSSION

Our previous studies®'' have shown that the optimum
laser pulse parameter for obtaining the highest CE for a CO,
laser was 6 x 10° W/cm? with a spot size of 225 um. There-
fore, we used this laser intensity for the present study. At this
laser intensity” the measured peak density of the CO, LPP
was estimated to be 5.5 x 10'°/cm?, which is higher than the
critical density of a CO, LPP (9.8 x 10'®/cm?®). Once this criti-
cal density is reached, the long laser pulse can no longer pene-
trate through the plasma and ablate more of the target. The
laser radiation will instead be used to further heat the expand-
ing coronal region, increasing photon emission. Due to the
higher critical density for a Nd:YAG LPP (9.8 x 10*%/cm’)
and a shorter laser pulse duration, laser radiation will be
absorbed mainly near the target surface. An increased plasma
density can result in higher self-absorption of EUV photons
emitted by the plasma and a lower CE.

When evaluating which laser should be used for the pre-
pulse and the pumping pulse, we see that due the two orders
of magnitude difference in critical densities, if a CO, laser
were used for the prepulse and a Nd:YAG laser for the pump-
ing pulse, at peak pre-plasma density, the pumping pulse
would still be able to penetrate through the less-dense pre-
plasma and interact with the target, rather than reheat the
pre-plasma. This would result in denser plasma, exhibiting
stronger self-absorption and lower CE. If the Nd:YAG laser is
used for the prepulse and the CO, laser for the pumping pulse,
the pre-plasma will be opaque to the pumping pulse and laser
radiation will be used to more efficiently reheat the coronal
region of the plasma. This could increase EUV photon emis-
sion in a less-dense region, thereby limiting self-absorption.
This irradiation scheme provides the optimum EUV emission
parameters, resulting in enhanced conversion efficiency.

CO, laser pulse energy of 110 mJ, with a power density
of 6x10° W/cm?, was used throughout the experiment.
Energies from the Nd:YAG laser were 15, 25, and 50 mJ and
were adjusted using a combination of wave plate and cube
polarizer. Both lasers were focused onto a planar Sn target.
The EUV emission spectra from the CO, laser and Nd:YAG
laser at varying intensities were recorded and can be seen in
Fig. 2. The laser spot sizes used in obtaining this data were
100 pum and 225 um for the Nd:YAG and CO, lasers, respec-
tively. The Sn UTA emission given in Fig. 2 is the result of
excited Sn ions ranging from Sn®" to Sn'>", with the lower
charged ions emitting at higher wavelengths. The compari-
son between Nd:YAG and CO, LPP emission shows higher
spectral purity exhibited by the CO, LPP centered at 13.5
nm. The dip in the Nd:YAG spectra near 13.5 nm can be
explained by the reabsorption in the plasma.?’ The Nd:YAG
LPP emits a broader UTA, especially in the higher wave-
length side, due to an enhanced rate of three-body recombi-
nation arising from its higher electron density.'®

With a chosen irradiation scheme for the prepulse, addi-
tional parameters needed to be investigated to obtain an opti-
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FIG. 2. (Color online) EUV spectra of individual pulse CO, and Nd:YAG
LPP emission at varying laser energies. Nd:YAG plasmas generate broad
EUV emission, while CO, plasmas exhibit high spectral purity centered near
13.5 nm.

mum EUV conversion efficiency. The parameters studied
include the delay time between prepulse and pumping pulse
and the laser intensity of the prepulse. The delay between
pulses allows for sufficient expansion of the pre-plasma for
coupling with the pumping pulse. By varying the prepulse
laser intensity, the pre-plasma density, ion energies, and
plasma expansion rates will change. Fig. 3 shows the results
of varying the delay time between prepulse and pumping
pulse. Prepulse intensities used were 3.2 x 10'° W/cm?,
5.3 % 10" W/cmz, and 1.1 x 10" W/cmz, corresponding to
15 mJ, 25 mJ, and 50 mJ laser energies, respectively. Pump-
ing pulse intensity remained constant at 6.0 x 10° W/cm?
and provided an individual CE of 2.3%. Delay times found
in the figure highlight only those regions where the peak CE
was obtained. An extended delay time range up to 2 us was
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FIG. 3. (Color online) EUV CE with varying delay time between laser
pulses and varying prepulse laser intensities. CE was calculated using
energies of both prepulse and pumping pulse. Prepulse laser spot size was
100 pm, and pumping pulse spot size was 225 um. Maximum CE enhance-
ment in this calculation of CE was ~25%.
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TABLE I. EUV CE comparison for varying prepulse energy and spot size.

CE improvement CE improvement

Prepulse Peak delay  (including (excluding

energy (mJ) time (ns) prepulse energy)  prepulse energy)
100 um 15 390 23% 41%
spot size 25 340 12% 36%
50 225 —6% 39%
250 pm 15 575 3% 17%
spot size 25 550 —8% 14%
50 400 —19% 19%

also investigated, but showed no significant results and is not
presented here. It was found that increasing the prepulse in-
tensity shifted the peak CE to earlier delay times. This was
caused by faster expansion of the prepulse plume with higher
prepulse laser intensity, resulting in a lower delay time
needed to obtain optimum pre-plasma conditions for the
pumping pulse. This data were also repeated using the same
prepulse and pumping pulse energies but by changing the
prepulse spot size to 250 um, thereby reducing prepulse
intensities almost one order of magnitude. Results and trends
were consistent with those from Fig. 3 and can be seen in
Table I, but peak delay times were longer due to slower pre-
plasma expansion from lower prepulse intensities.

Note that CE decreased substantially as prepulse energy
was increased. This is because the CE was calculated as a
function of the combined laser energy from the prepulse and
pumping pulse. By excluding the prepulse energy when cal-
culating the efficiency, the CE did not increase proportion-
ally with increasing prepulse energy, as seen in Table I.
Instead, CE was found to remain constant at nearly 40%
improvement compared to emission from the pumping pulse
alone. By including prepulse energy in the CE calculation,
peak CE was found to increase almost 23% with the lowest
prepulse energy. By changing the prepulse spot size to 250
um, thereby reducing prepulse intensities, the CE decreased
significantly. Maximum CE increases were 15%, excluding
prepulse energy, for all prepulse energies and only peaked at
3% for the lowest energy prepulse when including prepulse
energy.

Fig. 4 shows how the prepulse energy affects the peak
delay time at which maximum CE is observed. As seen in
the figure, the peak delay time follows a linear trend with
increasing prepulse energy at a fixed prepulse spot size. This
relation can be useful for predicting the peak delay when
evaluating different prepulse parameters. From these results
we conclude that a balance of high prepulse intensity and
low prepulse energy relative to pumping pulse energy pro-
vide best CE enhancements. The high prepulse intensity cre-
ates a more dense initial plasma, while low prepulse energy
relative to the pumping pulse assures that the CE will not be
significantly decreased by the increase in the total laser
energy.

EUV emission spectra using a prepulse at the optimum
intensity for maximizing CE and at the peak delay between
pulses is shown in Fig. 5 and compared to the emission
spectra of the individual prepulse and pumping pulse. Peak
intensities throughout the 13.5 nm in-band region were
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FIG. 4. (Color online) Relation for peak delay between laser pulses and pre-
pulse energy at a fixed prepulse spot size was found to be linear and exhibit
near identical curve-fit slopes.

increased using a prepulse, compared to the emission inten-
sities for the pumping pulse alone. However, increased inten-
sities of out-of-band radiation indicate worsening spectral
purity. As seen in the figure, it is evident that the prepulse
alone produced negligible EUV emission. Therefore, it is
certain to conclude that the increased emission intensities
seen using a prepulse were generated by the interaction of
the pumping pulse with the pre-plasma and not from the pre-
plasma’s own emission.

Fig. 6 shows the ion yield for the prepulse system at the
optimum prepulse intensity for maximizing CE and at the
peak delay between the two pulses and is compared to the
ion yields for the individual prepulse and pumping pulse.
The “Zero” time shown for the prepulse system data corre-
sponds to the start of the prepulse. Data recorded for the indi-
vidual prepulse and pumping pulse has been shifted and
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FIG. 5. (Color online) EUV emission spectra indicating a broadening of the
spectrum for a reheated plasma. The prepulse only spectrum used a 15 mJ
Nd:YAG pulse, the pumping pulse only spectrum used a 110 mJ CO, pulse,
and the prepulse scheme spectrum used a 15 mJ prepulse, and 110 mJ pump-
ing pulse with a 390 ns delay.
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FIG. 6. (Color online) Ion yields collected from Faraday cup indicating a
portion of pumping pulse energy being absorbed by the pre-plasma. Prepulse
only and pumping pulse only data has been shifted along to time scale to
correspond with related features from the prepulse scheme for comparison
purposes. “Zero” time for prepulse scheme data corresponds to the start of
the prepulse. The prepulse only data used a 15 mJ Nd:YAG pulse, the pump-
ing pulse only data used a 110 mJ CO, pulse, and the prepulse scheme data
used a 15 mJ prepulse, and 110 mJ pumping pulse with a 390 ns delay.

aligned with the corresponding features from the prepulse
system data for comparison purposes. The first spike in the
prepulse system, peaking near 4.5 us, represents the ions
from the pre-plasma that were further excited by the pump-
ing pulse. The increased ion yield of this peak compared to
the yield of the prepulse alone is mainly caused by the ioni-
zation of atomic particles in the pre-plasma by the pumping
pulse. The second spike in the prepulse system, peaking near
6.5 us, represents the pumping pulse interacting with the pla-
nar target. The existence of the second spike indicates that
only a portion of the pumping pulse is used to heat the pre-
plasma. Because pulse length of the prepulse is only about
15% of the pumping pulse, sufficient pre-plasma densities
for reheating are only existent for a portion of the pumping
pulse. This means that once the pre-plasma density drops
below the critical density of the CO, plasma, the pumping
pulse will penetrate the pre-plasma and begin ablating
directly from the target, rather than reheating the pre-plasma.
If the initial plasma density from the prepulse exceeds the
critical density of the pumping pulse and was able to be
maintained throughout the duration of the pumping pulse,
further enhancements of EUV emission may be possible.

EUV pinhole camera images can be seen in Fig. 7.
These images represent EUV light emission from each LPP
configuration. Negligible emission from the prepulse image
supports the conclusion from Fig. 5 that the prepulse emis-
sion intensity is not the cause of increased intensity found in
the prepulse system emission. By comparing the image of
the pumping pulse only with the prepulse system image, it
can be seen that the size of the emitting plasma is slightly
increased and the intensity of EUV light is increased with
the use of a prepulse, representing increased EUV emission
and therefore higher CE.

J. Appl. Phys. 110, 083303 (2011)

FIG. 7. (Color online) Pinhole camera images showing EUV emission from
plasmas of (a) the 15 mJ Nd:YAG prepulse, (b) the 110 mJ CO2 pumping
pulse, and (c) the prepulse scheme using a 15 mJ prepulse and 110 mJ pump-
ing pulse with a 390 ns delay. Source size and intensity were improved using
the prepulse scheme.

We obtained a maximum of 40% enhancement in EUV
emission from the reheated plasma, though previous modeling
results have shown substantially higher values.'> Much recent
modeling has been performed using spherical target geome-
tries.* The expansion and, hence, density profiles of plasmas
from planar and spherical targets differ greatly.* Planar target
plasma expansion tends to be cylindrical in form, resulting in
a steep density gradient and lower lateral expansion. Efficient
coupling between prepulse plasma and the pumping pulse,
with a large spot size compared to that of the prepulse, may
require longer delay times due to slower lateral expansion, at
which point plasma densities may be significantly reduced.
For spherical targets, plasma expansion is more spherical,
with a smoother density profile. This results in faster lateral
expansion, so a shorter delay between pulses will be necessary
and a higher plasma density may be attained. This could be an
ideal condition for a CO, laser pumping pulse, since the initial
higher density plasma will produce more efficient reheating of
the plasma therefore, enhancing EUV emission.

IV. CONCLUSION

We investigated the effects of prepulses for enhancing
EUV emission from a Sn LPP. It was decided from plasma
density and critical laser density data that Nd:YAG laser
operating at 1.06 um should be used for prepulses and CO,
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laser at 10.6 pum should serve as the pumping pulses for gen-
erating EUV emission. Parameters studied to optimizing
EUV emission were laser intensity of the prepulse to gener-
ate a dense enough initial plasma and the delay time between
prepulses and pumping pulses to allow for the initial plasma
expansion before reheating by the pumping pulse. We found
that by balancing prepulse laser intensity and energy,
improvements of up to 40% in CE were found with varying
prepulse energies when excluding the prepulse energy from
the efficiency calculation. When including the prepulse
energy in the calculations, improvements of about 25% in
CE were seen using the lowest prepulse energies. These
improvements are caused by the interaction of the pumping
pulse with the opaque initial plasma, generated by the pre-
pulse causing reheating of the coronal region of this initial
plasma and creating conditions for higher EUV emission and
low self-absorption. These conditions resulted in overall
improved net EUV emission and conversion efficiency.

By reheating the initial plasma from prepulses, higher
intensities and a broadening of the EUV emission spectrum
were obtained by efficiently exciting more ionic transitions
in the Sn UTA. Ion yield data showed that only a portion of
the pumping pulse was able to interact with the initial pre-
pulse plasma before the plasma density decreased beyond
the threshold of the pumping pulse critical density. Once this
occurred, the pumping pulse began ablating the target
instead of reheating the prepulse initial plasma. If high pre-
pulse initial plasma densities above the critical density of the
pumping pulse were to be maintained throughout the pump-
ing pulse duration, EUV emission could be further increased.
This may be achieved through the use of spatial confinement
of the initial prepulse plasma, spherical targets, and a pre-
pulse with longer duration.
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