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The atomic processes in laser-produced tin plasmas for the extreme ultraviolet light sources are investigated. The
level population of complex tin ions is calculated using the collisional-radiative (CR) model, and then spectral
emissivity and opacity are calculated, taking the spectral structure of unresolved transition array into account. A rule-
based method for developing a large-scale CR model is discussed, which enables the simulation of the emission
spectrum using a relatively compact model. The effect of configuration interaction on the wavelength of the emission
and broadening of the main peak at 2 = 13.5 nm by the emission from multiply excited states is discussed.
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1. Introduction

Extreme ultraviolet (EUV) lithography has been realized
using laser-pumped plasma (LPP) sources [1]. More than
500 W of output power at the wavelength of A = 13.5 nm into
2% bandwidth has been obtained with the 5% of conversion
efficiency from CO, laser-pumped tin droplet using the pre-
pulse technique [2]. The target material is dispersed by the
irradiation of the pre-pulse laser, which is heated by the main-
pulse laser when the material is expanded to an appropriate
size to absorb the energy of the main-pulse laser. The irradia-
tion by a second pre-pulse laser is useful for forming a uni-
form plasma with an appropriate density to improve the output
power and efficiency [3].

Still higher power and efficiency of the EUV source are
demanded for further miniaturization of semiconductor devices.
For instance, the use of solid state lasers with the wavelength
of 4 =2 pm laser has been proposed as a pumping source in
place of the present CO, lasers [4]. Although the spectral purity
from the solid state laser pumped plasma may be lower than
CO, pumped plasma, it is expected to improve plug-in effi-
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ciency because of the higher electrical efficiency of the solid
state lasers. We investigate the atomic processes in tin plasmas
to provide the opacity table for the radiation hydrodynamics
simulation for the optimization of the LPP EUV source. The
optimum condition of the EUV source with respect to spec-
tral purity of the plasma, coupling of the pumping laser to the
target, and the effect of self-absorption will be investigated
using the radiation hydrodynamics simulation.

The radiation transport has a significant effect on deter-
mining the temporal and spatial evolution of the plasmas.
Therefore, the radiation hydrodynamics simulations are car-
ried out using the opacity data, which is calculated taking into
account the fact that the plasma state should be in non-local
thermodynamic equilibrium (nLTE). The EUV spectrum is cal-
culated taking into account the effect of optacity, which may
cause a loss of light due to self-absorption. Therefore, the
collisional-radiative (CR) model is developed, and the opac-
ity and emissivity of the plasma for the steady-state population
in collisional-radiative equilibrium (CRE) are calculated as a
function of temperature and density without radiation, based
on the investigation of atomic processes in tin plasmas [5].

2. Model

Tin ions have signature EUV emission. The emission
arises from 4d—4f and 4p—4d atomic transitions of near 10 times
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Fig. 1. Energy level diagram of Sn'"*. The line between levels shows
the intensity of UTA by the line width that is calculated at an
electron temperature of 35 eV, assuming LTE.

ionized tin, showing a broad, strong peak at 1 = 13.5 nm called
an unresolved transition array (UTA) [6]. Figure 1 shows the
energy level diagram of Sn''". Each atomic state consists of
fine structure levels, and the transition between these states
consists of a large number of fine structure transitions, so that
the emission appears as UTA. Due to the effect of configura-
tion interaction, 4d—4f and 4p—4d transitions appear as a sin-
gle peak, and emission from a range of charged states in the
plasma overlaps, resulting in efficient emission into a narrow
bandwidth.

To calculate the spectral emissivity and opacity, we
develop a CR model [7] of tin plasma based on the computa-
tional atomic data calculated using the HULLAC code [8].
As shown in Fig. 1, Sn"'" ion has the ground configuration of
4d?, and has the emission at A = 13.5 nm through transitions
from 4d4f and 4p°4d, one-electron excited states. However,
the ion has a large number of possible multiply excited states.
The ionization energy of the ground state of Sn''* is 220 eV
while the excitation energy of an electron from 4d to 4f orbit
is 90 eV, so doubly and a part of triply excited state are
below the ionization limit and can have a large population to
emit a significant amount of EUV photons through 4d—4f
and 4p—4d transitions, which should be included in the calcu-
lation of emissivity and opacity [9].

However, the fraction of atomic states that contribute to
the emission to the number of possible states is relatively
small. The model should be developed by extracting atomic
states and transitions that have a significant effect on the
spectrum and efficiency, while maintaining a tractable size of
the model. We propose a method to develop the CR model,
maintaining the completeness of the atomic model by includ-
ing atomic states that have a significant contribution to the
EUYV emission.
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Fig. 2. Shematic diagram showing the process to develop the atomic
model, showing that the model consists of a set of groups, which
is a set of states with the same core and one excited electron.

Figure 2 shows the schematic diagram of the level struc-
ture used to determine the atomic model. The model is based
on configuration-averaged (CA) atomic energy levels. To cal-
culate the population, we need to include atomic states that
have a small excitation energy and are likely to have a large
population, and atomic processes such as excitation and ion-
ization from/to these states. We define a group of atomic
states that have the same core configuration with one excited
electron. The atomic model is determined as the set of
groups. The population of the atomic states in the groups is
calculated by taking all possible excitation and ionization
processes between the atomic states in the groups. To investi-
gate the effect of multiply excited states, we include the
atomic states group by group into the CR model. As shown
in Fig. 2, this method allows one to include excitation pro-
cesses between the states and ionization processes to the core
state, which have large rates. For the excitation processes,
the configuration between any pair of the two atomic states is
investigated, and by finding the difference of only two orbits
with the difference of orbital quantum number of corre-
sponding electron is 1, then the dipole allowed transitions
between states in different groups are also included. Further-
more, the autoionization from multiply excited states above
the ionization threshold to available core states is included,
so that dielectronic recombination processes are included.

We calculate energy levels, rates of radiative decay and
autoionization using the HULLAC code. On the other hand,
the rates of electron collisional excitation, collisional ioniza-
tion, and radiative recombination are calculated using empir-
ical formulas [10, 11]. The rates of inverse processes such as
the electron collisional deexcitation and three-body recombi-
nation are calculated based on the detailed balance. The rate
of dielectronic recombination is calculated by including auto-
ionizing levels explicitly, and taking the electron capture, auto-
ionization, and radiative decay for each level into account.
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Table 1.

List of a set of configurations that is used for the CR model of Sn** to Sn'*". n is the index of level group.

The range of principal and orbital quantum number of excited electron nl are n < 8 and [ < 3, respectively.

n Sn97 Sn|0+ Snll+ Sn]Z+ Sn13+ Sn|4+

1 4s*4p®4ad* ni 4s*4p°ad® nl 4s*4pad*nl 4s?4p®adnl 45%4pnl 4s?4p°nl

2 4s*4ptad’ssnl 4s*4p°ad®ssnl  4s*4pSadssnl  4s*ApAdinl  4s*4pAdnl 4s4p°nl

3 4sf4p’adinl 4s*4pad*nl 4s*4p°ad’ nl 4s?4p°®5snl 4s4p®adnl 4s?4p*adnl

4 4s*4ptadspnl  4asapadiafnl  As4pSAdafnl  AsapSAfnl  4stap*adinl  4sapadnl

5 4s*4ptadiafnl 4s*4p°ad®spnl  4s*4p®4dspnl  4s*4pSpnl 45%4p°Af nl as*4p*ad®nl

6  4s*4ptad*sdnl 4s*4p°ad®sdnl  4s*4p®4dsdnl  4s*4pSSdnl 45%4p°5snl 4s*4p*afnl

7 4s*4ptad6snl 4s4p°ad* nl 4s4p°4d® nl 4s4p®ad®nl 4s%4p°5pnl 4s?4p*ssnl

8 4s%4piad®ssPnl  4sPApPad’esnl  4s*4pPadesnl  4s*4p*adinl  4sdp’ad*nl 4s*4p*5pnl

9 45%4ptad®sfnl 4s*4p°4dss®nl  4s4p°Ad®Ssnl  4s*4p°AdSsnl  4s*4pSdnl 4pS4dnl
10 4s’4ptadiépnl  4s4p®ad®Sfnl  4s4pSadsSfnl  4s*4p’Adafnl  4sapSafnl 4sap*adnl
11 4s4p®ad’ni 4s*4padi6pnl  4s*4possinl 4s?4p®6snl 4s4p°®5snl 4s4p>4f nl
12 4s*4p°ad*ssnl 4s4p’adssnl - 4s*ap*adinl 4s?4p°®5fnl 4s4p’adinl - 4s*4p*sdnl
13 4s*4ptad’afssnl  4s*4padafssnl  4s4p®adépnl  4s*4pS6pnl 4s’4p*adafnl  4s4p’ssnl
14 4s*4p®ad®ssspnl  4s*4p*ad’nl 4s%4p°ad®afnl  4s*4p°4dSpnl  4s*ap*adssnl  4s*4p*adinl
15  4s’4ptadiednl  4sap’adiafnl  4s4pSafssnl  4s*4pS6dnl  4sap®Spnl 4s*4padafnl
16 4s*4p’ad*spnl 4s*apadiednl  4s*4pafinl 4s?4p% f nl 45%4p°5f nl 4s4p>5pnl
17 4s*4p’adafnl 4s*4p°4dssspnl  4s*4p°4d*Spnl  4s*4p°4dsdnl  4s*4p6snl 4s?4p*adssnl
18 4s*4p®ad’ef nl 4s4p°ad®spnl  4s*4padednl  4sapad’nl 4s%4p°6pnl 4s5?4p*5fnl
19 4s*4p*ad°ni 4s*4p°adafinl  4s*4pSsSpnl  4sapSadSsnl  4s4p*adSpnl  4s*4p6snl
20  4s*4p®adiafspnl  4s4padafspnl As*ApSAfspnl  4sapSadafnl  4ptad*nl 4p°ad*nl

The energy level structure of Sn"* is determined firstly
by choosing the core states of Sn'** ion by the order of exci-
tation energy, and secondly by adding one electron to any
possible orbit, given the maximum principal and orbital
quantum number nl of the electron. The number of the core
states of Sn'** corresponds to the number of groups of the
states of Sn''*. This procedure corresponds to taking the
Cartesian product set of core configurations and an orbit of
one electron, removing unphysical states. To calculate the
spectral emissivity and opacity of tin plasmas for the EUV
source, the model including Sn*—Sn** is produced by repeat-
ing the production of atomic states and calculation of their
energy using the HULLAC code, and descending the ion
charge recursively. Using the present method, we can develop
the atomic model in a reproducible way, and the size of the
model can be controlled according to the number of groups and
principal and orbital quantum numbers of the excited electron.

Table 1 shows the list of configurations of Sn’ to Sn'+,
which is used to calculate the spectral emissivity and opacity,
including 20 groups of excited states. We solve the set of rate
equations to obtain the population and ion fraction. Typi-
cally, calculations are carried out with a total number of
states of 5,000 and using the Monte-Carlo method [12]. Sub-
sequently, applying the profile of each UTA to calculate the
spectral emissivity and opacity. The profiles are obtained by
the detailed line-by-line calculations using the HULLAC code,
taking the effect of configuration interaction into account.
The UTA sometimes consists of more than 1,000 fine struc-
ture transitions. We defined the profile of each UTA from the
distribution of lines, with the energy mesh of the spectrum of
0.2 eV. Furthermore, as the calculated wavelength of the

UTA that corresponds to 4d—4f and 4p—4d transitions differs
from experiment, the calculated wavelength is shifted to fit
the experimental spectrum for each charge state [13].

3. Results

Figure 3 shows the spectral emissivity of tin plasma,
calculated at the temperature and ion density of the plasma of
31 eV and 1.0 x 10" cm™. The results of the calculation for
the number of groups of excited states of 1, 5, and 20 are
shown. Only with 1 group, one electron excited states from the
ground state (4d?), the width of the UTA at 4 = 13.5 nm is
significantly narrower, and the emissivity is underestimated.
With 5 groups of excited states, emission from multiply
excited states is included to show the broad structure in the
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Fig. 3. Spectral emissivity of tin plasmas calculated at the electron

temperature and density of 31 eV and 1.0 x 10" cm™. Results
calculated with 1, 5, and 20 groups of excited states.
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shorter and longer wavelength regions of the main peak. Due
to the large statistical weight, the 4d—4f and 4p—4d transitions
from multiply excited states have comparable intensity with
those from singly excited states, that appears near 4 = 13.5 nm
but have a broader spectral width. The emissivity of the
longer wavelength region further increases as the number of
groups of excited states is increased to 20, but the difference
from those with 5 groups of excited states is small, suggesting
the convergence of emissivity with respect to the effect of mul-
tiply excited states.

An increase of the intensity of UTA is also seen in
the wavelength region 4 = 6-10 nm, which are attributed to
4p—5s, 4d—6p, and 4d—5p transitions.

4. Discussion

We develop a CR model of tin to calculate the emissiv-
ity and opacity of tin plasmas for the EUV source. We pro-
pose a rule-based method, by determining the set of atomic
states that have the same core configuration and one excited
electron, to capture the significant atomic states and atomic
processes in the plasma. The atomic model is produced auto-
matically using a few parameters, which determine the size
of the model. After a convergence analysis of results, popula-
tion as well as spectral emissivity and opacity can be calcu-
lated with a relatively small size of the model [14].

The effect of emission from multiply-excited tin ions are
shown. It is found that the emission from multiply-excited
states contributes not only to the main 4d—4f and 4p—4d UTA
but to 4p—5s, 4d—5p, and 4d—6p UTAs.

The present method can be applicable to model other
atomic elements, to investigate the properties of rare-earth
elements such as Gd and Tb, and heavier elements as Bi, to
optimize the power and efficiency of the future plasma sources
in the wavelengths of 4 =4-6 pum.

Validation of the results had been carried out from the
validation of the atomic data to the calculation method. How-
ever, difficulty arises from the large volume of atomic data,
such as energy levels and cross sections, which have been dif-
ficult to validate independently. Therefore, as an alternative

method of validation, comparisons between different codes
have been carried out in nLTE kinetics workshop to validate
the CR model [15]. Furthermore, atomic processes and emis-
sion spectrum, specific to the EUV source are validated in
EUVL source workshop [16]. Reliability of the model should
be improved through comparisons between calculation and
experiment, especially those recent joint measurements of the
density and temperature profiles of the plasma and the EUV
emission spectrum [17].
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