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We investigate extreme-ultra-violet (EUV) emission from laser-produced tin plasmas for its application to
microlithography. Strong emission occurs through 4d-4f and 4p-4d transitions, which appear as an unresolved
transition array (UTA) due to the effect of configuration interaction (CI). Emissions from 8 to 13 times ionized
tin overlap in the same A=13.5nm band, and both singly and multiply excited states of each ion contribute to
the emission. We develop the collisional radiative model of tin ions, taking into account an appropriate set of
atomic states that have a large population to contribute to the emission. The model is being validated through
comparisons between the calculated and observed spectrums.
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1. Introduction

The extreme ultraviolet (EUV) lithography is estab-
lished based on the laser-pumped plasma source [1]. A
small tin droplet is irradiated by a pair of pre-pulse and
main pulse lasers to produce a plasma with an electron
temperature of 20 to 50eV. In the plasma, 8 to 13 times
ionized tin shows broad emission from 4d-4f and 4p-4d
UTA (Unresorved Transition Array) in the 13.5 nm band
[2,3].

An EUV source with an output power of more than
500 W and convergence efficiency of 5 % has been ob-
tained using the carbon dioxide laser as a pumping source
[4]. However, improvements in power and efficiency are
still required for future lithographic technologies, and the
use of a more efficient solid-state laser is proposed [5]. We
have been studying atomic processes of tin[6]. We ex-
tended the model to include the effect of multiply-excited
states [7], with the method to identify states that signifi-
cantly contribute to the emission [8]. In this work, based
on the previous result of Y-like tin Sn''* [9], we develop
the model with 4 to 17 times ionized tin, and the emission
spectrum is calculated and compared with the experiment
by taking the effect of self-absorption into account.

2. Model

We investigate EUV spectrum from tin plasmas using
the collisional radiative (CR) model [10] based on the con-
figuration averaged (CA) levels. Figure 1 shows the energy
level diagram of Sn'!*, which has a significant emission at
A= 13.5nm. The population of each atomic state # is cal-
culated by solving a set of rate equations as,
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where N, is the electron density, C; ; and A; ; are collisional
and radiative rate from jth state to ith state respectively.
The population is calculated by taking atomic processes
in plasmas into account, such as electron collisional ion-
ization and excitation, three-body recombination and ra-
diative recombination, autoionization and electron capture,
and radiative decay. We use the energy levels, rate of radia-
tive decay, and auto-ionization calculated using the HUL-
LAC code[11]. On the other hand, we use empirical for-
mulas to calculate the rate of collisional ionization, exci-
tation, and radiative recombination. Rates of inverse pro-
cesses such as three-body recombination and electron col-
lisional deexcitation are calculated based on the detailed
balance. Dielectronic recombination and excitation au-
toionization are taken into account by including multiply
excited states above the threshold explicitly [9].

The population of tin ions is calculated by using the
set of atomic states. A large number of multiply excited
states are included to take their contribution to the EUV
emission into account.

A group of excited states consisting of a common core
with one excited electron is defined, and the number of
groups is increased by choosing the core states according
to their energy until the convergence is obtained [12].

The set of atomic states of each ion is determined re-
cursively from the atomic states of the ion with one charge
state above the target ion. For example, the atomic states
of Y-like tin (Sn''*) are produced from the atomic states
of Sr-like tin (Sn'?*). The first group of atomic states of
Y-like tin is produced by adding one electron to the ground
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Fig. 1 Energy level diagram of Y-like Sn (Sn'!*). Lines between levels show the emission rate of UTA by their width and thickness,
which is calculated at the electron temperature of 35 eV, assuming LTE.

state of Sr-like tin, 44> to produce 4d’nl, including the
ground state of Y-like tin of 4d>. Then, the second group
of atomic states of Y-like tin is produced from the first ex-
cited state of Sr-like tin, 4d5s to produce 4d5snl. The sets
of atomic states of Y-like tin are produced by taking the ex-
cited state of Sr-like tin according to its excitation energy.
Subsequently, the energy of each state is calculated using
the HULLAC and the excited states are chosen according
to the order of excitation energy to have a set of core states
to produce the atomic states of Zr-like tin (Sn'?*).

An atomic model typically includes 20 groups of ex-
cited states, as shown in Fig. 1, is used to calculate the
population and emission spectrum, including transitions
between multiply excited states such as 4p*4d® - 4p*d*,
Ap°4d34f - Ap*d* and 4p°4d%4 f? - Ap>4d34f, which have
a greater contribution to the emission than transitions to the
ground state such as 4d?4f - 4d° and 4p>4d* - 4d°.

Finally, a collisional radiative model including Sn** to
Sn'7* is developed, and the steady-state solution (dn/dt =
0) of the set of rate equations is obtained using the Monte
Carlo method [12].

Calculation of the spectral emissivity and opacity is
carried out using the population, taking the profile of UTA
of Sn¥* to Sn'** into account. Figure 2 shows the distri-
bution of fine structure transitions for 4d-4f, 4p-4d, 4d-5p,
and 4d-5f transitions to the ground state, which are calcu-
lated using the HULLAC. It is shown that due to the effect
of CI, lines corresponding to 4d-4f and 4p-4d transition
appear in the same 13.5nm band and appear as a single
UTA. The spectral emissivity and opacity are determined
using the wavelength grid of 0.01 nm, which corresponds

1e13

Y-like Sn e

0s
(a)
00 ot L m

—— ad-4p

025
b)
a0 © m m“.

— ad-sp

050
025 () ‘d
000 L Ll

1e10

—— 4d-5f

P B 5
wavelength [nm]

Fig. 2 Distribution of fine structure lines for (a) 4d-4f, (b) 4p-4d,
(c) 4d-5p, and (d) 4d-5f UTA of Y-like tin (Sn''*).

to the width of natural and collisional broadening of each
fine structure transition.

The spectral profile of the EUV emission from laser-
produced tin plasma is calculated in the presence of the
effect of the opacity [13]. We use the escape probability
of each UTA to calculate the spectrum [14]. For a uniform
plasma sphere with the radius of r and spectral opacity of
a(A), the intensity of emission at the surface reduces as,

1(A) = Ip(A) exp (= (D). @
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Fig. 3 Comparison of experimental (solid line) [5] and calculated (dashed line) spectrum. The experimental spectrum is obtained by
irradiating the solid tin target with a YAG laser pulse with the intensity of 1.4 X 10'" W/cm? and the pulse duration of 15ns.
Calculations are carried out by changing the temperature, density, and radius the plasma.

Subsequently, the radiative rate A of UTA is reduced from
the original value of A by the probability of escape f,. as,

Ad
AO Ao+ 5

A=—
AA AW‘%

exp (—a(D)ndr = fescAo, 3)

using the central wavelength 1y and width A1 of each UTA.
The self-consistent emission intensity and population are
obtained by iterative calculations. The effect of opacity
causes the broadening of the EUV spectrum.

3. Result and Discussion

Figure 3 shows the calculated and observed EUV
spectrum from a laser-pumped tin plasma. Calculations
are carried out by changing the density and temperature of
the plasma to compare it with the observation, and the best
agreement is obtained at the ion density of 3.5x10'® 1/cm?3
and electron temperature of 33 eV, assuming the radius of
the plasma of 50 um,

It is found that the calculated spectrum reproduces the
overall profile of the experimental as well as calculated
spectrum by Torretti et al. [7] This result suggests that dou-
bly excited states significantly contributing to the spectrum
can be captured using the present algorithm-based method.
Furthermore, in [7], the profile of UTAs was calculated
taking full CI effects into account using a large set of con-
figurations. In the present model, the profile was calculated
with a relatively small set of configurations with the posi-
tion corrected using experimental spectrum [6], suggesting
that the simpler method might be useful for reproducing
the experimental spectrum.

On the other hand, there are several differences in the
detailed structure of the main peak at 13.5 nm, which arises
from combined 4d-4f and 4p-4d UTA. For example, the
calculated peak wavelength is 0.2 nm longer than the ex-
periment. Agreement of the profile in the shorter wave-
length of the main peak will be improved by taking the de-
tailed spectral profile of 4p-4d transitions from Sn'** and
higher charged ions.

On the effect of opacity, in [7] the emission intensity

I, is calculated by a simple formula I, = B, (1 — exp(-7))
where B, and 7, are spectral emissivity and optical depth,
respectively, whereas we calculated the self-consistent
population and radiation intensity. This difference will be
investigated in the code comparison session in the EUV
source workshop in the community of EUV source [15]
and the theoretical model, computer codes, and data will
further be validated.
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