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Abstract

The effects of shape and thickness of a tin surface layer and of the energy of a 170 ps neodymium:yttrium-aluminum-
garnet laser pulse on the conversion efficiency (CE) into extreme ultraviolet emission in the 13.5 nm region is
investigated. Whereas a CE of up to 1.16% into the 2% reflection band of multilayer Mo/Si optics was measured for a
bulk Sn target at a laser energy of 25 mJ, significant CE enhancement up to 1.49% is demonstrated for a 200-nm-thick
Sn layer on a microstructured porous alumina substrate.
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1. INTRODUCTION

Laser-produced plasmas are intense sources of extreme ultra-
violet (EUV) and soft X-ray emission that can be utilized for
many prospective applications like surface patterning
(Mocek et al., 2010), photoelectron spectroscopy (Dunne
et al., 1993; Lokasani et al., 2015), water-window (WW) mi-
croscopy (Wachulak et al., 2015; Lokasani et al., 2016), and
EUV lithography (Fomenkov et al., 2014; Wu & Kumar
2014). A high conversion efficiency (CE) of laser energy
into the particular spectral band of interest is essential for
all of the above applications. Tin plasmas have been identified
as the best emitters in the 2% reflection band of multilayer
Mo/Si optics at 13.5 nm (Hayden et al., 2006).
The presence of microstructures at the laser irradiated

target surface can enhance laser absorption and influence
the dynamics of the plasma plume, and thus the CE to
EUV radiation can be increased and also reabsorption due
to plasma opacity can be reduced. Enhancement of the soft
X-ray emission from various microstructured targets irradiat-
ed by femtosecond lasers has been reported. Nishikawa et al.,
(1997) increased soft X-ray production by factors of several
times by formation of a layer of porous silicon on a silicon

wafer. Soft X-ray emission in the 10–20 nm range from a
gold target irradiated by a 90 fs pulse of intensity 1016 W/cm2

from a Ti:Sapphire laser was increased by more than ten
times compared with gold foil by using a nanocylinder
array structure of height 18 μm (Nishikawa et al., 2001).
The same group used carbon nanotube targets to produce
an efficient radiation source (Nishikawa et al., 2004a) in
the WW and an alumina nanohole array to enhance radiation
output in the spectral range 5–20 nm (Nishikawa et al.,
2004b). Later Chakravarty et al., (2011) irradiated alumina
nanohole targets by fs pulses from a Ti:Sapphire laser at
intensities ranging from ∼3 × 1016 to 3 × 1017 W/cm2 to in-
crease emission in the WW range and also of hard X rays in
2–20 keV range.
Advanced tin-containing targets have been also applied to

enhance output in the 13.5 nm spectral band from plasmas
produced by ns laser pulses. Nagai et al., (2006) demonstrated
that bilayer glass/lithium (20-nm-thick)/tin (50-nm-thick)
targets exhibit a sharp and strong emission in comparison
with a Sn bulk target when irradiated by 10 ns neodymium:
yttrium-aluminum-garnet (Nd:YAG) laser pulses of intensity
6 × 1010 W/cm2. The same group (Okuno et al., 2006) re-
ported 1.7 times higher CE at 13.5 nm into 2% bandwidth
from 7% low-density SnO2 targets (0.49 g∕cm3) irradiated
by Nd:YAG laser with the same parameters as above.
When a multilayer hollow nanofiber target was used and
the Nd:YAG laser intensity was increased to 1011 W/cm2,
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the CE was increased to 0.83% (Ge et al., 2011). When
low-density porous SnO2 was irradiated by CO2 laser, the
narrowest bandwidth of emission at 13.5 nm was observed
at an intensity of 2.9 × 1010 W/cm2 (Ge et al., 2008).
Simulations showed that the presence of a porous copper
nanolayer on a copper target can increase emission at WW
wavelengths and at 13.5 nm when the target is irradiated by
laser pulses longer than 50 ps at a laser wavelength of 532 nm
and intensities up to 1015 W/cm2 (Mahdieh et al., 2009).
Here, we report emission properties of two different nano-

structured targets coated with solid Sn layers of thicknesses
40 and 200 nm, respectively. The targets are heated by
170 ps pulses of Nd:YAG laser radiation of intensity up to
2 × 1013 W/cm2. Significant enhancement of EUV emission
in the 13.5 nm spectral band is reported for 200-nm-thick tin
layers in comparison with bulk solid tin target.

2. EXPERIMENTAL DETAILS

Plasmas were produced by a Q-switched Nd:YAG laser
(λ= 1064 nm) generating a maximum pulse energy of
240 mJ in a pulse of duration 170 ps (full width at half max-
imum) with a 5 Hz repetition rate. A normally incident laser
beam was focused by a 10 cm anti-reflection coated BK7
convex lens. The laser spot size on the target was determined
via the burn paper method. The laser spot has an elliptical
shape with major and minor axes of lengths 130 and
80 μm, respectively. Thus, the maximum laser intensity
was estimated as 2 × 1013 W/cm2. The targets were mounted
on X–Y–Z actuators, so that each laser shot was incident on a
fresh target surface and any occlusion associated with laser
drilling was avoided.
The emission spectra were recorded at an angle of 45° to

the incident laser beam by an absolutely calibrated JENOP-
TIK 0.25-m flat field grazing incidence vacuum spectrometer
equipped with a piezoelectric shutter and a back-illuminated
charge couple device detector. This setup allowed for the
determination of the absolute EUV flux within the 2%
bandwidth centered on 13.5 nm. The values for in-band
energy and CE are reported, assuming that the emission is
isotropic into 2π steradians. The spectral range of this
instrument is 9–18 nm.
The nanostructured targets were prepared by magnetron

sputter deposition of a tin coating of thickness of either 40
or 200 nm onto a structured surface of a substrate. As the sub-
strate, we used either a monolayer of closely packed polysty-
rene microspheres of diameter 471 nm on a silicon wafer
(“microsphere target”) or porous alumina with a hole diame-
ter of 20 nm (“porous alumina target”). Target images,
recorded using a scanning electron microscope (SEM) are
presented in Figure 1.

3. RESULTS AND DISCUSSION

The typical measured time-integrated single-shot emission
spectra from “microsphere targets” and “porous alumina

targets” are presented in Figures 2 and 3. The figures demon-
strate an increase in the emitted spectral energy in the
13.5 nm region as the thickness of the tin coating increases.
While the emission enhancement in comparison with the tin
slab is rather minor for the microsphere target (Fig. 2), the
enhancement is clearly demonstrated for the 200 nm layer
on the porous alumina target (Fig. 3). The strongest emission
contributing in the 2% band centered on 13.5 nm has been
shown to originate from transitions in Sn8+–Sn13+ ions
(Sugar et al., 1992; Churilov & Ryabtsev 2006a,b). Transi-
tions of the form 4p64dn–(4p64dn−14f+ 4p54dn+1) in these
open 4d subshell ions overlap in adjacent ion stages, giving
rise to an intense quasi-continuum feature known as an unre-
solved transition array (UTA) (Bauche et al., 1988). This
UTA is the dominant feature in the EUV spectra of Sn
targets. The level of continuum is similar for all targets
within the measurement accuracy.

The in-band emission energy (IEE) was calculated via
trapezoidal integration of the emission spectra in the 2%
bandwidth centered at 13.5 nm and multiplying this value

Fig. 1. SEM images of the surfaces of the nanostructured targets. Monolayer
of polystyrene microspheres on silicon wafer with a tin coating of thickness
40 nm (a) and 200 nm (b). Porous alumina with Sn coating of thickness
40 nm (c) and 200 nm (d). In panel (e) a porous alumina taget with a
200 nm tin coating is displayed at a viewing angle of 45°.
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by 2π, assuming isotropic emission (Hayden 2007). The IEE
increases with the laser energy for all targets. However, the
CE reaches a maximum at relatively low laser energies
25–50 mJ. It is demonstrated in Figure 4 that the CE is in-
creased in comparison with the bulk Sn target for all nano-
structured targets with the exception of the microsphere
target covered with the thin 40-nm-thick Sn layer. The thick-
er coating is preferred for both microstructure types, as the
depth of the heated layer is thicker than 40 nm; thus, the
number of Sn emitters is increased and also the decrease in
density of the emitting plasma due to expansion is smaller.
At the lowest laser energy, the enhancement in laser absorp-
tion is compensated by the small Sn layer thickness and the
CE is approximately the same as for the bulk Sn target. How-
ever, for the 200-nm layer thickness at the lowest laser
energy, the CE is increased by 21% compared with the
bulk Sn target. For laser energies of 50 mJ and higher, the
use of the “porous alumina target” is clearly preferential.

Due to its structure, tin penetrates into a certain percentage
of pores up to a few tens of nm increasing the effective thick-
ness. Moreover the heated surface Sn layer is not only
expanding outwards but can be also pushed into the pores
and thus the outward expansion is reduced. A clear maxi-
mum of the CE is demonstrated for a laser energy of 50 mJ
with the porous alumina target covered with the 200-nm-thick
Sn layer, the CE is increased to 1.49% into 2π steradians,
which is 28% higher than the maximum CE obtained for
the bulk Sn target. At higher laser energies, the emission
from the porous alumina target is clearly the best probably
due to better hydrodynamic behavior and, above 100 mJ,
the CE for thinner Sn layers is roughly equal to that of micro-
sphere targets covered by thicker Sn layers.
The measured absolutely calibrated temporally and spatially

integrated emission spectra from porous alumina and micro-
sphere targets, both covered by 200-nm-thick Sn layers, are pre-
sented in Figures 5 and 6, respectively. At the lowest laser
energy of 25 mJ (intensity 2.5 × 1012 W/cm2), the spectra con-
tain the quasi-continuum emission from the open 4d subshell
ions Sn8+–Sn13+. When the laser energy is increased, Sn
ions in higher ion stages are produced and narrow lines from
transitions in Sn ions up to charge state 21+ appear. The Sn
lines in the spectrum were identified from the literature
(D’Arcy et al., 2009; Suzuki et al., 2010). The observed lines
include the following transitions: Sn XV (4s24p54d–4s24p55p)
at 11.09 and 11.38 nm, Sn XVI (4s24p44d–4s24p45p)
at 10.53 nm, Sn XIX (4s24p2–4s24p4d ) at 14.7 nm, Sn
XXI (3d104s24p–3d104s4d ) at 16.26 nm, Sn XXII
(3d104s4p–3d104s4d ) at 14.59, 15.65, 16.04, and at
16.43 nm. For the microsphere target, more emission lines
from highly charged Sn ions are observed and these lines
are more intense than for porous alumina targets at the
same laser energy. This may be due to the lower thermal

Fig. 3. Spectra emitted from “porous alumina targets” (porous alumina
coated by Sn layers of thickness 40 and 200 nm) and from a bulk Sn
target irradiated by laser pulses of energy 26 mJ.

Fig. 2. Spectra emitted from “microsphere targets” (monolayer of polysty-
rene microspheres on silicon wafer coated by Sn layers of thickness 40
and 200 nm) and from a bulk Sn target irradiated by laser pulses of
energy 26 mJ.

Fig. 4. In-band conversion efficiency (CE) of all nanostructured targets
compared with a bulk Sn slab.
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conductivity of the microspheres, resulting in a higher
plasma temperature. For both targets at all laser energies,
the spectral line of Li-like oxygen O VI at 17.3 nm due to
1s22p–1s23d transition is clearly observed. For the porous
alumina target, we have identified at higher laser energies
transition in Li-like Al X (1s23p–1s25s) at 10.49 nm. This
line was the dominant line in our emission spectra from
bulk aluminum targets.
The presented emission spectra show that for laser ener-

gies higher than 50 mJ (I> 5 × 1012 W/cm2), a substantial
fraction of Sn atoms is ionized to degrees higher than these
that emit efficiently in-band at 13.5 nm. Though these ions
may contribute to in-band emission during the recombination
process after the laser pulse, both the energy spent on exces-
sive ionization and the reduced time for which the relevant

ions are present in the plasma contribute to the decrease in
CE. The other factors are excessive heating and expansion
of the plasma corona.

4. CONCLUSIONS

We have studied the energy CE of picosecond Nd:YAG laser
pulses into emission at 13.5 nm in the 2% reflection band of
multilayer Mo/Si optics. We have shown that targets com-
prising a tin layer on a porous alumina substrate are superior
to those based on a monolayer of polystyrene microspheres
on a silicon wafer. We have shown that a 40-nm-thick Sn
layer is too thin for efficient energy conversion to XUV
emission at 13.5 nm for laser intensities higher than 2 ×
1012 W/cm2. The maximum in-band CE of 1.49%/(2π stera-
dians), measured for 200-nm-thick Sn layer on a porous alu-
mina substrate at a laser intensity of 4 × 1012 W/cm2 (laser
energy of 50 mJ), is 28% higher than the maximum CE
measured for a bulk Sn target. For laser intensities higher
than 4 × 1012 W/cm2, the CE decreases mainly due to exces-
sive heating and ionization of the Sn layer that is documented
by the presence of lines belonging to high ionization states up
to 21+ in the observed XUV spectra.
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