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Abstract

Ni-like and Co-like EUV radiation between 11–17 nm emitted from laser produced tin plasmas was

modelled by using the hydrodynamic/atomic physics code EHYBRID. The atomic data were obtained using

the Cowan code. The effects of driving laser pulse duration and the laser intensity with different wavelengths

were investigated. The maximum conversion efficiency was calculated as 13.4% for a 266 nm Nd:YAG laser

with 1×1013 W/cm2 pulse intensity and 5 ns pulse duration.
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1. Introduction

The interaction of short, intense laser pulses with solid targets has been extensively studied in recent
decades. Laser-produced plasmas are now well proven as suitable lasing media for X-ray lasers [1, 2]. High-
intensity laser produced plasmas attract particular attention as extreme ultraviolet emission sources for lithog-
raphy of next generation semiconductors [3]. Next generation semiconductors based on extreme ultraviolet

lithography (EUVL) will require bright, efficient radiation sources at wavelengths near 13.5 nm [4]. This re-

quirement is driven by the use of Mo/Si multilayer mirrors in the optical system of EUVL [5]. One of the

crucial factors in developing radiation sources for EUVL is the conversion efficiency (CE) from laser light into

the EUV radiation. A suitable radiation source must achieve at least 3% conversion efficiency for making EUVL
economically affordable [6].

Among the various target materials tin is considered to be the most efficient radiator due to its com-
pactness and high emissivity [7]. Emission of laser produced tin plasmas arises from 4d–4f, 4p–4d and 4d–5p
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transitions of tin ions with ionization charge state 8+ to 13+. In particular, 4p64dN − 4p54dN+1 +4p6 4dN−1

4f transition arrays of Sn5+ to Sn13+ (9 ≥ N ≥ 1) produce intense quasi-continua (unresolved transition arrays

(UTAs) [8] near 13.5 nm [9]. It was demonstrated that these sources match technology requirements [10]. The
atomic data, however, is quite few for higher charge states; for more than 13+ there is increasing need for a
database of EUV radiation from highly charged tin ions [11, 12].

In this work, we investigated EUV radiation from Ni-like and Co-like tin ions. The main interest is to
increase the conversion efficiency for the optimization of the plasma conditions. To achieve that, conversion
efficiencies with respect to variation of the variety of laser intensity, wavelength and pulse duration were
calculated.

2. Modelling

The laser interaction with solid target and expansion of the subsequent plasma is simulated by the
EHYBRID 1.5 dimensional hydrodynamic/atomic physics modelling software [13]. EHYBRID is a Lagrangian
code that uses 98 spatial cells in the direction away from the target surface. Hence, the plasma can be modelled
in the direction parallel to the driving laser in these spacial cells. The plasma, in each cell is assumed to
be isothermal and the transverse expansion of the plasma is considered to be self-similar. In the self-similar
approach, thermal conduction maintains a uniform temperature over transverse planes, and the velocity and
density profiles along the transverse axes assume linear and Gaussian forms, respectively [13]. EHYBRID
evaluates the absorption of laser energy through inverse bremsstrahlung and resonance absorption. Absorption
of laser energy through inverse bremsstrahlung is calculated for each cell of plasma until it reaches the critical
surface. Resonance absorption is calculated by assuming a 30% dump of the laser energy reaching the critical
surface. The remainder of the energy is reflected back and inverse bremsstrahlung absorption is calculated for
the reflected beam as it propagates back out of the plasma [14].

The code calculates, at each time step and for each cell, electron temperatures, electron densities and ionic
fractions from neutral to bare nuclei using a detailed set of collisional-radiative equations and atomic level pop-
ulations. To calculate the Ni-like and Co-like populations, all the collisional and the radiative processes such as
collisional and radiative excitation/de-excitation, collisional ionization, radiative recombination, three-body and

di-electronic recombination are taken into account. 222 Ni-like 1s2 2s2 2p6 3s2 3p6 3d10 -1s2 2s2 2p63s2 3p63d9

nl and 507 Co-like 1s2 2s2 2p6 3s2 3p6 3d9 -1s2 2s2 2p63s2 3p6 3d8 nl resonance line intensities were calculated
for the simulation of the spectral emission from the tin plasma.

The opacity is estimated by using an escape factor based on the Holstein function for Doppler broadened
lines [15, 16]. Line intensities of spectral lines at a particular time are evaluated using

Itot =
∑

i,j

Ni
hc

λ◦
TAijΔV , (1)

where Ni is the upper state population for a given transition, Aij is the radiative transition probability for the

transition, h is Planck’s constant, c is the vacuum speed of light, T is an escape factor , λ◦ is the spectral line
wavelength and ΔV is the volume of each cell and the summation is over the EHYBRID cells. Atomic data for
Ni- and Co-like ions are calculated using the code developed by Cowan [17].
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A series of simulations for laser produced tin plasmas were done to show how the laser parameters affect
the conversion efficiency.

3. Results

In this study, 1.2 ns Nd:YAG laser pulses at fundamental wavelength, 2nd , 3rd and 4 th harmonics were
used to generate plasmas. A 100 μm wide, 20 μm thick and 1 cm long tin ribbon was used as a target. The laser

intensity was changed between 5×1012 W/cm2 and 1×1014 W/cm2 . The emissivity of the plasma originated
from bound-bound, bound-free and free-free transitions. The major contribution comes from the bound-bound
transitions. Figure 1 shows the simulated time and space integrated Ni-like and Co-like spectrum between

110–172 Å. We got spectral lines at 138 Å and 139 Å originating from Ni-like tin ions, which could be used in
the development of EUVL.
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Figure1. The simulated Ni-like and Co-like spectrum emitted from laser produced tin plasmas.

In addition to spectral line intensities, free-free and free-bound transitions were taken into account for
the emissivity of the plasma. Free-free and free-bound transitions resulting from recombination of free electrons
with Zn, Cu-, Ni-, Co- and Fe-like ions were calculated from EHYBRID deduced plasma parameters in our
post-processor. The time integrated continuum spectrum obtained from free-free and free-bound is shown in
Figure 2.

The parameters: laser pulse energy, laser wavelength and the laser pulse duration were varied. The effect
of laser intensity on the conversion efficiency of EUV emission from laser produced tin plasmas was investigated

by changing laser intensity from 5×1012 W/cm2 to 1×1014 W/cm2 . The range of laser intensity was chosen
to optimize the Ni-like and Co-like ionization of tin. At low intensities, Ni- and Co-like ionization stages did
not appear. The laser pulse duration was fixed to 1.2 ns. The change of conversion efficiency as a function of
laser intensity is shown in Figure 3.
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Figure 2. The time-integrated free-free and free-bound emission from the Zn, Cu-, Ni-, Co- and Fe-like ions.
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Figure 3. The conversion efficiency with respect to laser intensity.

The maximum conversion efficiency of laser energy into EUV was calculated to be 4.74% for 5×1012

W/cm2 pulse intensity at the fundamental wavelength and 9.2% for 5×1012 W/cm2 pulse intensity at the

2nd harmonic. At the 3rd and the 4 th harmonic of the laser with 1×1013 W/cm2 pulse intensity, the

maximum conversion efficiencies were calculated as 11.4% and 11.7%, respectively. The conversion efficiencies
were calculated for the 11–17 nm regions. It is understood from the figure that the conversion efficiency of
laser light to Ni- like and Co-like EUV radiation decreases with increasing laser intensity. At higher intensities,
there are not only Ni- and Co-like tin ions but also tin ions with different charge states present, which causes

lower conversion efficiency values. Figure 3 also shows that the 3rd and the 4 th harmonics of the Nd:YAG laser

have better conversion efficiencies than the 2nd harmonic and the fundamental wavelength of the laser. This

situation comes from the fact that the critical density is proportional to 1/λ 2 in laser produced plasmas. As a
result, short wavelengths can penetrate into higher density; therefore, they get better conversion efficiency than
longer wavelengths.

For maximizing conversion efficiency of EUV emission, laser pulse duration was varied between 5–30 ns,

with 1064 nm laser for 1×1013 W/cm2 pulse intensity. Figure 4 shows the variation of conversion efficiency
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with the laser pulse duration. Conversion efficiency increases with the pulse duration and maximum conversion
efficiency is found to be 8.75% at 20 ns. However, after 20 ns conversion efficiency began to decrease.
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Figure 4. The conversion efficiency as a function of laser pulse duration.

The change of conversion efficiency with respect to laser pulse durations at 266 nm wavelength is shown
at Figure 5. As shown in the figure conversion efficiency takes a maximum value of 13.4% at 5 ns and decreases
with increasing pulse duration.
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Figure 5. The conversion efficiency as a function of laser pulse duration at 266 nm.

4. Conclusion

In this study, a series of radiation-hydrodynamics simulations was performed for laser produced tin
plasmas to examine the dependence of the conversion efficiency on the laser intensity, wavelength and pulse
duration. The maximum conversion efficiency was calculated as 13.4% for the 266 nm Nd:YAG laser with

1×1013 W/cm2 pulse intensity and 5 ns pulse duration. The results revealed that with increasing wavelength,
the maximum conversion efficiency can be increased by decreasing the laser intensity. For the experimental
studies, Q-switched Nd:YAG lasers at a wavelength of 1064 nm with typical laser pulse energies in the range of
0.5–1.0 J, and pulse durations of 10 ns, at 10 Hz operation and the focussed beam size ∼100 μm can be used
as convenient and effective laser drivers.
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