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Abstract

Space-resolved emission spectroscopy was used to study the evolution of 13.5 nm line intensity and electron temperature of the plasma generated
by laser ablation of lithium target. Two emitting regions were observed, their intensities depending on laser fluency. Plasma image is discussed in

the frame of a Gaussian model of particle expansion.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the last years, a special attention was given to the de-
velopment of a high brightness soft X-ray source for the next
generation of extreme ultraviolet lithography (EUVL). Two
possibilities were widely investigated, namely gas discharge-
produced plasmas, and laser-produced plasmas (LPP) [1]. Re-
cently, a high conversion efficiency (CE) was demonstrated
by using Li target for LPP [2,3]. In a previous work [4],
the maximum CE which we experimentally obtained was
1.2%/2msr /2% bw, and it was comparable with that of Sn.
Some advantages arise from efficient emission of the Li*t ion
at 13.5 nm (Lyman-« line) which is the practical wavelength
of the lithography based on Mo/Si multilayer-coated optics. By
using low laser fluencies, low energy ions are generated and
in return the collector optics lifetime is extended [3]. Under-
standing the plasma dynamics dependence on laser parameters
such as intensity and spot size is of great importance since it
provides the path towards the optimal emission of the radiation
of interest. Meantime, the emission profile is also an important
input for the design of an illumination system of an extreme
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ultraviolet tool in order to achieve the desired illumination uni-
formity [1].

In the present Letter we report our experimental results on
the space-resolved soft X-ray emission from laser produced
lithium plasma. The features of interest are the space depen-
dence of the 13.5 nm line intensity and of the plasma tempera-
ture, source size and spectral distribution.

2. Experiment description

The plasma was generated by laser ablation of a lithium
foil target using 1.06 um radiation pulses from a Q-switched
Nd:YAG laser (for more details see [4]). The typical pulse en-
ergy was 0.5 J in a pulse width of 10 ns. The laser beam
was focused on the target by an /500 lens with a 45° inci-
dence angle. By adjusting the lens position (LP), various spot
diameters were obtained. Thus, the laser intensities on the tar-
get were I; =2.2 x 101, 3.8 x 1019, 1.8 x 10'°, 9.8 x 10°,
6.3 x 10° W/crn2 for LP =0, 4, 6, 8, and 10 mm, respectively,
where LP = 0 mm corresponds to the best focusing condition.
For the sake of simplicity, instead of laser intensities, only the
lens positions will be specified in the followings. For spec-
troscopic studies, a grazing incidence soft X-ray spectrograph
with flat-field image focusing and back-illuminated CCD cam-
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era was used in the incidence plane, at 90° relative to the target
normal. The spectrograph covers the spectral range of 5-22 nm
with moderate wavelength resolution. By placing a 50 um pin-
hole at 50 mm in front of the entrance slit, the plasma was
imaged to obtain a 100 um overall space resolution. Simultane-
ously, the plasma was also x2 imaged by a Flying Circus (FC)
system at —90° relative to the target normal. It had a spectral
sensitivity in the 13.5 nm region and 4% bandwidth [5].

3. Experimental results

For the laser intensities previously mentioned, the soft X-
ray emission in the analyzed wavelength domain is dominated
by the resonance lines of Li** ion. The line of interest, Ly-c,
is emitted in a wide space domain of approximately 5 mm.
By integrating over the line profile, the space dependencies
of the Ly-o line intensity are plotted in Fig. 1 for various
lens positions, where the origin corresponds to the target po-
sition. Two regions of emission were observed and their in-
tensities depend on the laser fluencies. Thus, for high laser
intensity (LP = 0 mm), the fully stripped ions are dominant
near the target (A-region, see Fig. 1), where the strong inverse
Bremsstrahlung occurs. Then, the recombination takes place in
the expansion region (B-region in Fig. 1) to give Li’>* ions,
which emit stronger in this domain. On the other hand, for low
laser fluency (LP = 10 mm) the maximum intensity is observed
in the high density region, indicating a lower excitation temper-
ature. The strongest emission occurs for moderate laser fluency
(LP = 6 mm) and a maximum CE is achieved [4]. All the an-
alyzed laser intensities give an emission intensity peak located
at 0.3 mm from the target, while the dominant emission results
from the expansion region.

The width and shape of the spectral lines are extensively
used for plasma diagnostic [6]. In Fig. 2 the full width at half
maximum (FWHM) of the strongest lines, i.e. 13.5 nm (Li*T
1s-2p, Ly-a) and 11.39 nm (Li** 1s-3p, Ly-pB) are plotted vs.
distance for LP = 6 mm. At approximately 0.1 mm from the
target the maximum line widths were obtained, while in the ex-
pansion region the instrumental broadening is dominant, and
both widths tend to the same value, i.e. 0.026 nm. Generally,
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Fig. 1. The space-dependence of the Ly-« line intensity integrated on the line
profile for various lens positions.

after extracting the instrumental broadening, the observed full
width at half maximum (FWHM) is caused by the opacity and
electron impact broadening mechanisms [7,8]. For an optically
thick plasma, the opacity-broadened line width increases with
the oscillator strength [7,8], and a larger width of Ly-« line is
expected. However, the opposite was experimentally observed.
This can be explained by taking also into account the broaden-
ing of the emission process, which is given by electron impact
[9,10]. Thus, assuming a constant source function, the opacity-
broadened line width (AXgpac) is determined by the width of
the function [9],

g =1—exp[—10- fF(V)], (D

where 7 is the optical thickness at the center of the line and
A the wavelength. In the case of electron collisional emission
broadening, f(A) is a Lorentzian function having the FWHM
(AXcor), which depends on the quantum numbers of the upper
and lower states [11]. Under these circumstances, it results the
ratio

A)\opac/A)Lcol = F(7)

=\/—1 — 7o/In[(1 + expl—71) /2]. )

One can observe that for 79 < 1, F(t9) = 1. Therefore, al-
though the optical thickness of Ly-« line is larger (zo(Ly-«)/
79(Ly-B) = 29—for details see [9]), since AAco is higher
for Ly-B line (AXcor(Ly-o)/Arcol(Ly-8) = 1/5 [9]), the be-
havior observed in Fig. 2 is possible if the plasma is opti-
cally thick at 13.5 nm, and optically thin at 11.39 nm. More-
over, the optical thickness can be evaluated. In a rough ap-
proximation, we subtracted the instrumental width to obtain
AA(Ly-B)/ALr(Ly-o) = 1.7 at the maximum of the width in
Fig. 2. Then, by particularizing Eq. (2), it results to(Ly-o) = 8.
It should be noted that such estimations indicate the time-
averaged local conditions rather than defining the conditions at
a particular stage of plasma’s evolution.

For determining the LPP excitation temperature, the com-
mon techniques which use the lines emission [7] are not ap-
plicable in the present case. Optically thin sources and ther-
mally populated energy levels are required. In our experiment,
Ly-o line is optically thick, while the expansion region of
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Fig. 2. The space-dependence of Ly-« and Ly-g lines widths for LP = 6 mm.
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