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Abstract

In this work, the RALEF-2D code is used to simulate tin laser-produced plasma
expansion into vacuum using a single-fluid, single-temperature approach. A 27

m tin droplet is irradiated by a Nd:YAG ( = 1:064 m) laser with laser
energies varying between 5 100 mJ. We study the movement in which the
plasma expands and the changes for different laser energies. The results from
the simulations are compared with previously obtained experimental results.
Doing simulations can provide a better understanding of the changes that show
in the ion energy distributions - when varying laser energy - in the experimental
results. Thus, understand the LPP expansion better. Simulations are compared
with experiments and are in good agreement. We find that the high-energy
peak in the ion energy distributions is reproduced in the simulations. We find
a power-law relation between the peak position and the laser intensity, that
matches experiments and is related to theory. This gives the promising result

that RALEF shows predictive powers to LPP expansion.
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Introduction

Generating extreme ultraviolet (EUV) light is the key ingredient in making
the smallest and fastest computer chips at present using nanolithography tech-
nology. For these lithography machines to produce chips on nanoscale, EUV
light with a wavelength of 13.5 nm is needed. We zoom in on the source of this
EUV light, which is tin Laser-Produced Plasma (LPP). An LPP is created by a
laser beam irradiating a solid or liquid target. The laser illuminating the target
ionizes the atoms, allowing electrons to move at high velocities in the plasma.
When electrons collide with ions and recombine, light will be emitted from the
plasma. The light we are interested in is the “In-band' emission from the tin
LPP, which shows spectra near this EUV wavelength (13.5 0.135 nm). The
EUV light is collected and focussed to be transmitted further in the machine.

Figure 1.1: Schematic drawing of the setup. The laser is incident of a tin microdroplet from
the left. The molybdenum/silicon multilayer collector mirrors re ect and focus the emitted
EUV light at the intermediate focus (IF). This gure is reproduced from Ref [1].

In this thesis, we take a theoretical approach by simulating tin LPP expan-



sions. We consider four cases where the LPP is generated by four di erent
laser energies that are also studied experimentally. In these experiments, EUV
light is emitted from tin LPP, as mentioned above. As is shown in Fig 1.1,
molybdenum/silicon multilayer mirrors (MLM) are placed around the droplets
to re ect and focus the EUV light to be transmitted further in the machine and
be used in the lithography process. The MLM have a light re ection of 7046 for
the in-band region ( =13.5nm 1%) [6]. However, EUV light is not the only
emission from the droplet. Upon the incident of the laser on the tin droplet,
the LPP expands and emits ions in all directions. These ions could potentially
damage the sensitive optics in the EUV machines and thus reduce the EUV
throughput. One can place a strong magnetic eld around the target to stop
the ions from ying o to the mirrors [/, &, 9]. Another way to protect the
MLM is adding background hydrogen around the mirrors to stop the ions from
reaching and harming them [2, 10, 11]. The goal of this thesis is to understand
the expansion of tin LPP when illuminated by an Nd:YAG laser ( = 1:064
m) with intensities varying between 0:4 8 10'* W/cm 2. By knowing the
direction whereto the plasma emits ions and what kinetic energy these ions
carry, we can better protect the surrounding optic. lon energy distributions
- quantifying the number of ions with a certain energy - are experimentally
obtained at 7 angles around the target for varying laser pulse energies. Simu-
lations have been done for one of those laser pulse energies, but not for varying
laser energies.

1.1 Models Used for Simulating LPP Expansion

Tin plasma expansions have been studied and reproduced by simulations be-
fore. Murakami et al [4] and Fujioka et al [12] recorded ion energy distributions
for minimum-mass targets being illuminated by a 10-ns laser pulse (of the same
Nd:YAG laser that we use), describing the expansion as an isothermal plasma
expansion. Shorter laser pulses (ps duration pulse) have been researched as well
and their ion energy distributions are better described by a planar isothermal
expansion model described by Morat al [2]. These models are both analyti-
cal models, meaning that they need to make simplifying assumptions to create
input for the models. They assume that the shape of the laser does not in-
uence the plasma expansion, thus treating the plasma as if it is uniformly



heated before the expansion starts. Because those models acquire a set density
pro le. Murakami et al uses a Gaussian density pro le and Mora's model an
exponential one. The di erent density pro les used in the models in uence the
ion energy distributions signi cantly as is shown in Hemmingaet al [5]. In
this thesis we use a numerical model named RALEF-2D (Radiation Arbitrary
Lagrangian-Eulerian Fluid dynamics). This model includes radiation emitted
from the plasma and more importantly, generates a density pro le function
(d=t) at each moment in time during the expansion. This is a much more
complex calculation and requires a lot of computational power. Now one can
simulate the 3D target being hit by a laser and present it with a 2D simula-
tion and simulate it as a radiating (non-planar), non-uniformly heated plasma

expansion.

1.1.1 RALEF-2D

For our case of the expanding tin LPP, Marakami and Mora's models obtain
ion energy distributions that are not in good agreement with the experiments.
This is because the expanding tin LPP deals with a lot of energy converting
into radiation, which is not included in those models. This is where RALEF-
2D steps in. RALEF-2D is a numeric two-dimensional radiation-hydrodynamic
model that treats the expanding plasma as a uid, using a single-temperature
and single- uid approach. The workings of the RALEF-2D code to describe
the expansion of the tin LPP expansion will be discussed in greater detail in
Ch. 2.

In this thesis, we simulate the tin LPP expansion using the RALEF-2D model.
We check whether RALEF obtains the same ion energy distributionsdN ?=dEd )
and angular distributions as the experiments that have been done for varying
laser-pulse energies. This has two main purposes. First, by doing simulations
of the expansion we can observe how the simulated uid behaves while expand-
ing and thus understand the experimental results better. The latter can help
understand and explain observations in thedN?=dEd distributions, such as
why there is there a peak in the ion energy distribution at high energy as is
explained for the 60emission angle in [5]. The second reason for testing the
model is to check whether the model holds, not only for a single laser pulse
case as is done in [12], but also for multiple laser pulse energies at varying



emission angles. If this would be the case and RALEF can simulate the LPP

expansion for all these di erent cases, one could conclude that it describes the
plasma expansion and ion emission accurately. Continuing, one could - by doing
simulations - make predictions of the ion energy distributions for all emission

angles. This way radiation-hydrodynamic model can then be used to predict

plasma expansions and the accessory ion emissions when hitting tin droplets
with arbitrary laser energy.



Theory and Simulations

In this chapter, we provide background and theory on generating laser-produced
plasmas (LPPs). Since running LPP experiments is cumbersome and requires
expensive equipment, we are interested in modeling this process, speci cally
focusing on tin LPP and the subsequent plasma expansion. After introducing
the necessary theory, we argue why a uid approach is a justi able model
for plasma expansion. Next, we introduce the single- uid, single-temperature
approximation that we use in our simulations, and explain why this approach
can be faithfully applied to the cases we study in this thesis. RALEF-2D's
uid equations use. To nally quantify plasma expansions, the distributions
of particles over their kinetic energies are a way, which is the main result end

which we will explain in chapter 3.

2.1 LPP Theory

A plasma can be described as an ionized gas, where positively charged ions,
negatively charged electrons, and neutral atoms are all mixed. In a gas, how-
ever, electrons do not have long-range electromagnetic interactions, whereas,
in plasma long-range interactions do exist. As a result of these long-range in-
teractions, there are collective motions of the ions, atoms, and electrons in the
plasma. In this thesis, we are interested in tracking this collective motion of a
tin laser-produced plasma (LPP), to accurately describe the direction in which

the plasma expands. An LPP is created by irradiating a solid or liquid target



with a laser beam, which heats and ablates the material into a plasma. The
laser beam typically has an intensity of 18 - 107 W/icm 2 [14, 15].

2.1.1 LPP used for generating EUV light

To obtain LPP that radiates EUV light, the range of suitable laser intensities
slims drastically to 10° - 1012 W/cm 2. The laser irradiates the tin droplets
and ionizes the tin atoms. The electrons in the tin atoms absorb the laser
light and when emitting from the atoms, move around at high velocities, thus
rapidly increasing the electron temperatureTe, this process is called inverse
Bremmstralung. When the electrons move fast in the LPP, they can recombine
with the tin ions, which causes light to be emitted again. Di erent ions typi-
cally have di erent recombination energies. What makes tin such a good EUV
source is that all SH'* - Sn'>* jons have the atomic con guration to emit in
the in-band region of = 13:5 0:135nm light [16, 17, 18, 19, 20]. This
in-band light is collected by the multilayered mirrors with high re ectivity, as
mentioned before.

An LPP used for generating EUV light to be used in nanolithography tech-
nologies is considered to be quasineutral, thus the electron number density
is related to the ion number densitynjon by

with Z being the average charge state of plasma. Furthermore, quasi-neutrality
means that the overall charge of a material is neutral. Of course, at miniature
scales, this assumption does not hold, because of di erences in charge between
ions and surrounding electrons, but this can be neglected at the scale that we
are modeling. A good check on whether a plasma with electron temperature
Te and a density n is to be treated as neutral is with the use of the Knudsen
number K, = =L . The dimensionless Knudsen number describes the ratio of

the mean free path of an electron (cm) = 744%

scale of the system (the plasma gradientl. = "Lm ]. For a uid to be

to the total length

considered neutral, the Knudsen number must be smallK 1) and the
Debye length p = [Te= 4 n ¢€? ]*? much shorter than the plasma gradient
L. These conditions are often met in hot and dense plasmas, so the LPP is
considered quasineutral.



2.1.2 Speed of Sound in a Plasma

In this section we derive the equation for the speed of sound in a plasma, which
we use to derive the sonic speed energy in the following section. Furthermore,
we look at the sonic speed energy and the relation that is found between the
sonic speed energy and a laser intensity illuminating a tin LPP [22]. This is of
interest because we are interested in the speed of ions in a plasma - simulated
as a uid. We can study and compare whether the speed of sound and the
speed of the uid vary similarly with the laser intensity.

From Newton's second law,F = ma, the speed at which a sound wave prop-
agates in an elastic medium can be derived. For simplicity, we consider a 1D
scenario. The derivation of the speed of sound from Newton's second law goes
as follows

gz %; (2.2)

d\(;stw _ }%; (2.3)

d d\:tw % _ g|oz ij; (2.4)
T R @)
C = vy = jp ; (2.6)

The movement is caused by the pressure dierence, where the pressure and
density in the wave are larger than its surroundings. Using the ideal gas equa-
tions

pV = NkgT; or (2.7)
kg T; (2.8)

p=nkgT = —

Mion
we nd that the speed of sound for isothermal processes (heat transfer during

the expansion process, and = C) is
r

ke T

= (2.9)

Cs: isothermal =

In the LPP, both the adiabatic and the isothermal speed of sound need to be
taken into account. For simplicity, the isothermal sound speed is considered.



The pressure in the plasma is a sum of the pressure of the ions and the pressure
of the electrons, p = pions + Pe- ASsSuming a single-temperature approach,
T = Te = Tion, and we have a quasineutral (Eq. 2.1), highly ionized (Z 1)
plasma we can write (with Eq. ??) that the pressure in the plasma reduces to

P=pi+ Pe= NikegTi + Ngkg Te = K T(Ni + ne) = kg T(Nj + Znj)
(2.10)

nikBT(1+ Z) Znikg T = ZHkBT:

Filling in the obtained pressure in 2.6 gives us a speed of sound in the plasma
which then reads s

d p_—
Cs; plasma = CTp = ZCs! (2.11)
s

The sound speed is a good metric to compare the velocities of moving ions in
the plasma.

2.1.3 Sonic Speed Energy Relation to Laser Intensity

With Eg = %mcg we can translate the sound speed to sonic speed energy. The
sonic speed energy of the plasma has been found to have a relation with the
local temperature in the plasma [2, 4]

E/ zT; (2.12)

where z is the charge state. Basket al. [22] found that the average charge
state (z) in a tin LPP scales with the local temperature T with a power law as

z/ TO6: (2.13)
They also found that the local temperature scales with the laser intensity as
T/ 1944 (2.14)

Combining equations 2.12, 2.13 and 2.14 gives us a relation between the sonic
speed energy and the intensity of the laser. The prediction of the position of
the energy reads

E/ T TO6;, |044 16
E/ 197
Although the ions in the plasma do not move at sonic speed, the ions' movement

(2.15)

is likely also in uenced by the illuminating laser. Conceivably a similar relation
between the ion's kinetic energy and the laser pulse energy could be captured.



2.2 LPP Simulation Models

We rst describe a number of existing analytical approaches to modeling LPP
expansions and experimentally show that their simplifying assumptions lead to
derivations that do not match experimental spectra. Instead, we focus on a
numerical simulation model, which allows for a more detailed approximation

of the plasma expansion.

2.2.1 Limitations of Analytical Simulation Models

In this section, we discuss two analytical models that are used to describe
plasma expansions based on some simpli cations of the process. Both require
a density pro le and a pressure gradient in their model. As brie y described
in the introduction, Murakami et al. [4] and Mora et. al [2] describe simple
analytical models for hydrodynamic expansion of LPPs, with a Gaussian and
exponential density pro le respectively. Murakami et. al uses a single- uid
approximation with a quasi-isothermal approach while the laser irradiates the
target, followed by a quasi-adiabatic approach when the laser is turned o .
The models can capture a 1D expansion from a 2D target, but for a 3D target
- such as the droplet target in this thesis - they do not show a peak in the
high-energy region that is observed in the experiments. Both models also do
not take into account the heating of the uid by the laser and make harsh as-
sumptions describing speci ¢ density pro les, resulting in unrealistic results of
the ion energy distributions. In Fig 2.1, reproduced from Hemmingaet al., we
presented the ion energy distributions obtained by a planar isentropic (adia-
batic and reversible) expansion (better known as the Riemann wave [2]), Mora,
Murakami and the RALEF-2D model and compare these to an experimentally
obtained distribution. None of the presented models, except for RALEF, show
an increase in dN/dE at higher energy, which is present in the experimen-
tally obtained dN2=dEd . The RALEF simulation does show a peak and also
corresponds better with the near-constant behavior folE < 2keV.

2.2.2 Alternative Models to Simulate a uid

There are more methods studied to model a plasma expansion as a uid expan-
sion. When a uid is considered non-neutral (not in LTE) the particle-in-cell



Figure 2.1: lon energy distributions obtained by experiments (red solid), the planar isother-
mal expansion model of Mora (green dashed) [~], the Riemann wave (green solid )[3], Murakami
(green dash-dot) [4] and the numerical RALEF-2D model (black solid line). This gure is ob-
tained from [5].

(PIC) method can be used [23]. This method looks at all ions and electrons in
an area and tracks each of their movements separately. This method requires
a lot of computational power and time and for the hot and dense plasma we
study there are too many ions, atoms and electrons to track individually and
these calculations would be very hard to solve.

Other, also advanced, approaches to module uid movements are the two- uid,
two-temperature approach where the ions and electrons are treated as two u-
ids with both their own temperatures [24], or a single- uid, two-temperature
approach [25]. In the following section, we argue why these approaches are not
necessary for the description of the plasma expansion we study in this thesis
and that a more simpli ed single- uid, single-temperature approach - which
RALEF uses - su ces.

2.2.3 Single-Fluid, Single-Temperature Approach

The radiation-hydrodynamic model, which we use to do simulations, models
the plasma expansion as a uid. To simplify the system, a single- uid, single-
temperature approach is assumed to model the formation of the LPP and the
expansion that follows.

The single-temperature assumption means that the temperature of the ions and
the electrons in the uid are considered to be equall = Tio, = Te. Studies by



Sunahara and Tanaka [25] have simulated Nd:YAG lasers irradiating lithium,
plastic and gold, and found that the ion temperatureTisn, and the electron tem-
perature Te di er less than 20%, validating the single-temperature approach.
The electrons move faster and much more easily than the ions and also absorb
laser irradiation - giving the electrons a lot of kinetic energy. With the elec-
trons ying around with high kinetic energies, they cause a lot of collisions with
ions. During each of these collisions, a part of the kinetic energy is transmitted
from the electrons toward slowly heating the ions. The uid temperature thus
depends on the electron temperaturel.. When the ion temperature and the
electron temperature locally are the sameT,, = Te, the plasma is in local
thermal equilibrium (LTE).

A single- uid model assumes that there are no individual ions, atoms and
electrons in the uid, but that these are all treated as the same. This is an
approximation built on that the plasma is assumed to be quasineutral. Because
the mass ratio of the tin ion and an electronms,=me  10P, the uid density

is determined by the mass of the tin ions.

With the temperature of the plasma being dominated by only the electron tem-
perature T and the uid density being dominated by the mass of the tin ions,
the single- uid, single-temperature su ces.

2.3 RALEF-2D Simulation Properties and Output

In this section we discuss the working of the RALEF-2D code. With the
RALEF-2D we have done radiation-hydrodynamic simulations of expanding
plasma. The hydrodynamics part in RALEF-2D is based on an upgraded ver-
sion of the 2D ideal hydrodynamics model CEVEAT [26]. The model has shown
to be useful in simulating LPP expansions in previous research [27, 28, 29]. The
way RALEF generates its results will be discussed and the inputs for the sim-
ulations that are done in this thesis are presented.

The radiation-hydrodynamic model numerically solves the hydrodynamic dif-
ferential equations obtained for a single- uid, single-temperature approach which

read @
@t+ r (v)=0 (2.16)
@V v (v w+r p=o0 (2.17)

@t



@@'f+  ((E +P)V) (Sr+ S+ Seq)=0: (2.18)

Because RALEF is a numerical model, it describes the expansion by solving
the hydrodynamic equations including radiation (Eq. 2.16, 2.17 & 2.18) for
each time iteration - taking into account that the modeled uid absorbs and
emits light -. The solutions are given in two spacial dimensions using a second-
order Godunov-type method [29]. These solutions are displayed on an adaptive
quadrilateral mesh with Cartesian (x,y) or axisymmetric (z,r) coordinates. The
latter coordinate system is used in this thesis. A simpli ed example of the mesh
is presented in Fig 2.2.

What sets RALEF apart form the previously discussed models is that it does

Figure 2.2: Schematic example of the axisymmetric mesh that RALEF-2D uses. The 27m
tin droplet is presented in orange. The area surrounding the droplet is lled with a background
Sn vapor with a mass density of 1012 g cm 2. This gure is reproduced from Ref [-].

not need to make as many assumptions as the analytical models. More com-
plex computations are done to nd solutions to the hydrodynamic equations.
The heating of the uid by the laser is included, as well as the in uence of the
shape of the laser. This enables the model to generate a density pro le function
(d=t) at each moment in time during the expansion.
RALEF can also include the refraction of the incoming laser light, causing the
light to slightly bend at the plasma surface. For this thesis, we do not include
this function of the code and assume no refraction.
The goal of running the simulations is to be able to check whether we can
reproduce experiments and compare results with the experimentally obtained
results. This is why the experimental laser-droplet parameters serve as input
to the simulations. We enter four laser energies betwee 100mJ that have
been experimentally studied [13]. The Nd:YAG (abmda=1:064 m) laser has



a Gaussian pro le with a special full-width half maximum FWHM ,, =100 m
and a temporal full-width half maximum FWHM ; = 10 ns is implemented in
the model. The laser pulse has a total pulse time of 30 ns. In order to match
the experiments we give input energie€| = 5;25;58 and 97 mJ, which with

I =(2 P 2In(2)=2 )®* EL=FWHM 3 FWHM / translate to laser intensities be-
tweenl =0:4 0:40 10 W/cm 2. The 27 m droplet is placed in the center
of the mesh - as presented in Fig 2.2 - and a background Sn vapor with a mass
density of 10 12 g cm 3 is added throughout the rest of the mesh.






Results and Discussion

In this chapter, we present and discuss the obtained results from the previously
described RALEF-2D simulations. The hydrodynamics code enables us to have
a detailed look inside the plasma expansion, which can help us describe and un-
derstand the process better. First, we will show and compare 2D visualizations
of the speed and density of the LPP expansion after being hit by low and high
laser energy, 8 mJ and 97 mJ. This is an interesting view, as it is not possible
to track these properties during the expansion when doing experiments. Next,
1D pro les of the speed and density of the plasma are shown along several
emission angles taken from 2D plots. This enables a better understanding of
the observations one can make in the 2D plots. Dierent laser pulse energies
varying between 5 and 100 mJ, emission angles, and moments in time are be-
ing compared and presented in these 'lineouts'. Following the 1D pro les, ion
energy distributions of seven emission angles resulting from the simulations are
presented and compared to earlier experimentally obtained results. Next, we
discuss the high-energy-peak position shown in the recorded ion energy distri-
butions and nd a relation to laser intensity. Finally, the anisotropic behavior

of the emission is shown. For the four laser energies, angular distributions of
the total number of ions (obtained from the density pro les), the total energy,

and the momentum of the ions are presented.
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3.1 Two-Dimensional Visualisation of Expanding LPP

In this section, we present the expanding LPP at six moments in time after the
tin droplet gets illuminated by a laser pulse energy (E) of E,. =8 mJ and E_

= 97 mJ. The 2D pro les enable us to observe the behavior of the LPP during
the expansion, which o ers a deeper understanding of the nal results in the
experiments. In Fig 3.1 and 3.2 two of the four analyzed laser intensities are
shown.

The gures show the expansion of the tin LPP at di erent times after illumi-
nation of the 8 mJ and 97 mJ laser beams respectively. The laser approaches
the droplet from the left in a straight line at z = 0 for a duration of 30 ns. In
each graph in the gure, the top half presents the velocity of the material and
the bottom half presents the density of the tin plasma. Due to the Gaussian
shape of the laser pulse, at t = 15 ns the intensity is at its maximum and thus
also the temperature in the expanding plasma is at its maximum [5]. Around
this time a “second burst' of velocity appears, as can be seen in the gure. This
is a result of the Gaussian Laser Pulse shape. As the pulse rst reaches the
target, the intensity is not yet at its maximum. However, the droplet keeps
heating up from the laser hitting the droplet. Later, as the intensity builds up

to its maximum, the droplet is heating up, causing the pressure to rise. With
the pressure rising at the droplet surface, the pressure di erence then results
in the hot and dense plasma moving outwards, following from Eqg. 2.17. The
latter is visible from the 15 ns panel, and later panels, where a second burst
of velocity shows. As the plasma, close to the initial tin droplet, then moves
out faster than the less heated, slower moving plasma which started emitting
earlier, it is creating a dense area. This is visible in the lower half of the panels
15-65ns, there is an area with a higher density in the lower half of each panel.
As time evolves in those panels, the second burst catches up (and eventually
blends in) with the rst velocity burst. Over this time, in the bottom half of

the panels, it can be seen that there is a higher density area at a radial distance
just further than the radial distance of the second velocity burst, as mentioned

above.
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