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ABSTRACT

This work describes results of detailed comprehensive modeling, analysis, and optimization of
laser-produced plasmas (LPP) for the development of an efficient and debris-free photons source
for extreme ultraviolet lithography (EUVL), which is currently the most promising technology
for the manufacture of the next generation computer chips. The efficient production and
collection of the 13.5 nm photon radiation by the plasma is related to plasma opacity, which
depends on level populations of different ionic states, ionization balance, and electron density
and temperature. For obtaining the highest conversion efficiency (CE, conversion from laser to
EUV in-band, 13.5+1%, radiation) from LPP sources, ideal plasma temperatures and densities
should be created for the longest possible period of time with the maximum collectable size.
Accurate and comprehensive multidimensional modeling of various processes involved in laser
target interaction can help in predictions of plasma behavior and achieving the most favorable
conditions for maximizing EUV photons generation and collection. Any potential increase in CE
is directly translated into huge economical benefits to consumers and to the semiconductor

industries.
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1. INTRODUCTION

1.1 The history of EUVL

Ever since the invention of the transistor in 1947 and the integrated circuit (IC) in the late
1950s, semiconductor technology has undergone rapid advances. From a basic technical point of
view, developments have been straightforward. They have mainly involved putting more and
smaller transistors on integrated circuits. More transistors allow increased functionality, and
smaller size allows increased switching speed and less power consumption for each transistor.
The whole process has conformed to Moore's law, formulated by Gordon Moore in 1965 [1].

Moore stated that the number of components per IC roughly doubles every second year. In
recent decades, the single most important driver of Moore's law has been the inventions of
microlithography. This lithographic process generates a semiconductor wafer partially covered
with photoresist so that the uncovered regions are available for different kinds of processing,
such as etching, ion implantation, or metallization. One of the most important lithographic
processes is exposure, when light shines on select parts of the resist and microelectronic
elements are formed [2]. Resolution of an optical system, such as projection-lithography system,

is traditionally determined by the Rayleigh criterion,

Resolution = 0.61i (1)
NA

where A is the wavelength of the light and NA is the numerical aperture of the optical system (

NA =sind,, for vacuum, where 6 is the half-angle of the maximum cone of light that can

max X
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exit the lens). However, the Rayleigh criterion treats the ability to resolve two point sources and

not the printability of semiconductor structures. In this case, the object size is
. A
Object size = k— )
NA

where the "k-factor" is introduced [2]. According to Eq. (2), the minimum component size can be
achieved by increasing the numerical aperture or decreasing the wavelength or k-factor. Until
about 1993-1994, k was stable at 0.8; it has since been decreased to almost 0.4 by using binary
masks [3]. As illustrated in Table 1, there has been a continuous increase in N4 and decrease in

wavelength over the years.

Table 1. Progress with lithography instruments [2]

Wav;cf;ngth, NA Year Light Source

436 0.30 1982 Hg arc lamp (g-line)

365 0.45 1990 Hg arc lamp (i-line)

365 0.60 1994 Hg arc lamp (i-line)

248 0.50 1994 Hg arc lamp or KrF eximer laser
248 0.60 1997 KrF eximer laser

248 0.70 1999 KrF eximer laser

193 0.60 1999 ArF eximer laser

193 0.75 2001 ArF eximer laser

Several ways exist for further improvement in semiconductor technology. However, e.g.,
increasing the NA causes problems with the depth of focus (DOF), as illustrated in Fig. 1. The
DOF should be larger than the photoresist coating thickness for optimal performance. Alignment
difficulties arise when the distance over which the image is sharp is only slightly larger than the
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resist thickness. Use of extreme ultraviolet light (wavelength between 10 and 15 nm) in this

regard is a promising solution for future semiconductors manufacture.

DOF
I Fig. 1. Schematic of depth of focus (defined as the

distance over which the focus is smallest)

The EUV light is absorbed very strongly in most materials, including gases; thus, all optics
and the source should be placed into a vacuum. For the same reason lenses cannot be used:
optical systems should consist of mirrors. Because reflection of a single surface is very low
(about 4%), stacked multilayer mirrors (MLM) are used, for which the reflection adds up. EUVL
scanners are based on MLM with a peak reflectivity at 13.5 nm. The choice of using Mo/Si
multilayer has determined the needed wavelength to be around 13.5 nm for maximum reflectivity
[4].

The EUV light can be generated by several methods: discharge produced plasma (DPP), laser
produced plasma (LPP), or hybrid technique, that is, laser-assisted discharge produced plasma
(LDP). Each method has its advantages as well as disadvantages. In order to meet the industrial
companies’ requirements for high volume manufacturing, the EUV source is required to have a
power of 250 W at a wavelength of 13.5 nm (2% bandwidth) [5]. Various LPP, DPP, and LDP
devices are under investigation by different research groups [6-11]. Currently several of the EUV

sources come close to the power level demanded by the commercial chip manufacturers. The CE
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of generating EUV radiation is the key factor in successful development of the source. Many
additional factors are important to the EUV device efficiency: plasma material, form and size of
the radiated area, collectable solid angle, debris amount, etc. Because many physical processes
are involved and many technical problems need to be solved when optimizing a particular EUV
device, laboratory experiments would be very expensive and time consuming and only computer
modeling can generate a complete picture within a reasonable time and at a reasonable cost.
Ideally, an integrated physical model should be developed specifically for simulating plasma
behavior in DPP and LPP devices. The model should include the atomic physics,
hydrodynamics, radiation transport, heat conduction, and EUV production and collection. The
EUV source should be modeled comprehensively: from the energy input mechanism; to plasma
formation; to EUV output from the pinch or laser target; and to the mirror collector system and
reflection. Each physical process should be described accurately with all physics involved, and
each physical problem should be solved by most advanced and reliable numerical schemes. The
EUYV power collected at intermediate focus (IF) of the manufacturer's EUVL stepper in this case
can then be predicted most correctly.

This work describes results of comprehensive modeling, analysis, and optimization of LPP
devices based on multi-dimensional integrated models included in the HEIGHTS (High Energy
Interaction with General Heterogeneous Target Systems) package [6, 12]. This thesis describes
HEIGHTS models, compares analysis of various processes occurring in LPP devices and their
influence on plasma evolution, and studies the effect of various device parameters on EUV
source optimization. Modeling results are presented for tin foils as well as spherical tin droplets
as target material. Various parameters of laser beams are studied to maximize the conversion

efficiency such as varying laser wavelength, beam intensity, duration, and spot size as well as for
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dual-beam systems that further increase the complexity of optimization. Self-consistency for
efficient coupling of the first laser for pre-plasma development with the second main laser for
EUV photons production was analyzed adjusting all parameters for both laser beams and delay
time between pulses. Modeling results were benchmarked against in-house experiments at the
Center for Materials Under eXtreme Environment (CMUXE) as well as against various

worldwide experimental results.

1.2 Choice of optimal material

In the mid-1980s, O’Sullivan et al. found that a strong narrowband emission is generated from
plasma of rare earth elements, that the peak wavelength scales with the atomic number of the
element, and that Sn plasma emits a strong band with the spectral peak at 13.5 nm [13].
However, Sn plasma was not considered as EUV source for a long time, since Sn plates
generated tremendous amount of debris that significantly contaminated chamber surfaces and
decreased lifetime of optical mirrors [14]. A Xe jet was favored as appropriate target material to
solve the debris problem. Then EUVL turned into a promising candidate for next generation
lithography only after the demonstration of long lifetime of MLM exposed to Xe plasma [15].
However, the required EUV power at the IF jumped during last years from several watts to
100W and higher. The rapid increase of the required EUV power excluded Xe as a candidate for
a fuel, because the CE at 13.5 nm of Xe plasma cannot be larger than 1% and it is related to its
emissivity peak at 11 nm wavelength.

One of the most comprehensive initial studies of target materials as possible sources for EUV
photons production were done by Spitzer, et al. in 1996 [16]. Researchers at Lawrence

Livermore National Laboratory performed experimental studies of laser irradiation on several
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materials for possible EUV radiation and their results showed that tin is one of the most
promising target materials for EUV production around 13.5 nm wavelength. Figure 2 shows
time-integrated spectral intensity in plasma produced from several materials by laser with 0.532-

um wavelength and 2x10!'" W/cm? intensity.

Ti

Conversion efficiency (arb. units)

Fig. 2. Time-integrated spectral intensity for

. L : Ti, Sn, Sm, Ta, and Au [16]
50 100 150 200 250
Energy (eV)

These experiments examined also the dependence of the CE on the intensity of laser pulse,

wavelength, and the pulse width of the laser beam.
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Fig. 3. Z scaling of the EUV conversion efficiency near 13 nm or 95 eV [16]
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Figure 3 illustrates the effect of laser wavelength on the CE and Z scaling (dependence on
atomic number) of the EUV conversion efficiency near 13 nm or 95 eV. The results are shown in
terms of J/(J eV) [17].

The above-mentioned experiments showed again that Sn plasma could be the most efficient
EUV source. In spite of extreme difficulty of avoiding Sn deposition on chamber surfaces,
requirements of high CE and high EUV power at IF forced the EUV community to the

developments of sources based on Sn and Sn-doped targets.

1.3 Review of EUV sources: DPP, LPP, and LDP
A key challenge for the EUV radiation plasma devices is achieving sufficient brightness to

support the throughput requirements of high volume manufacturing (HVM) lithography exposure

tools.
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Fig. 5. Schematic illustration of laser
photons interaction with droplet target
and developed plasma plume [18]

Fig. 4. Schematic illustration of the
Dense Plasma Focus device [6]
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The history of developments for EUVL includes more than twenty years of experimental and
theoretical work. Many EUV source concepts were considered at the beginning. They include
several devices using DPP (Fig. 4), i.e., dense plasma focus, Z-pinch device, and hollow-cathode
tube [6], and devices using LPP (Fig. 5) [7-9]. Several criteria were considered for the
optimization of these systems including efficient EUV output and collection, minimized debris
production and mitigation, components lifetime, and source brightness for the HVM devices.
Compact technologies like dense plasma focus or capillary Z-pinch discharges reached very
rapidly fundamental limits as far as power scalability and lifetime were concerned [17].

Recent achievements in the development of bright EUV photon source show two distinctive
directions, i.e., laser-assisted discharge plasma (Fig. 6) [11, 17] and dual-beam laser plasma (Fig.
7) [10, 19, 20]. Laser beams are utilized in both cases for target vaporization and the initial
creation of matter used for the subsequent ionization and plasma plume optimization for EUV

devices (DPP or LPP) for maximum EUYV radiation output.
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Fig. 6. Schematic illustration of LDP Fig. 7. Time scale of dual-beam laser
device [21] systems illustrates one of the parameters for

optimization - delay time between pulses
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Both, LDP and LPP, devices have their own key challenges. The challenges of LDP sources
are mostly related to engineering issues such as spatial tolerances, heat removal, capacitor banks
[17], as well as lower CE in comparison with LPP devices. Some challenges of LPP sources are
related to power scaling versus debris mitigation/mirror lifetime, laser frequency scaling versus
droplet minimum stable distance, droplets breakdown, evaporation and expansion processes.

Many of these issues are principle challenges for physicists and are still not solved.

1.4 Integrated modeling for the solution of the LPP source challenges

In recent years, LPP processes for the optimization of EUV production were studied using
several target materials such as xenon, lithium, and tin [22-24], different target geometry and
composition (solid, liquid, cluster grains, etc.) [25, 26], and various laser radiation parameters
(radiation power density, wavelength, and pulse duration) [27]. Numerous experiments and
computer simulations were made to increase the EUV radiation power. Such analysis also
included the use of pre-pulses for formation of optimum plasma plume for EUV production
during the main laser pulse [19, 28-30]. The optimization of target geometry for efficient laser
energy absorption was analyzed using liquid-jets [31], droplets with tuning of droplet size and
laser spot size ratio [32], and the use of planar targets with various thicknesses [33]. The
implementation of mass-limited Sn-doped targets for the production of optically thin plasma and
minimization of tin debris was also studied [33, 34].

These studies showed various directions in optimization of LPP devices for EUVL. However,
the optimum solution for EUV source using LPP devices is still not found. Comprehensive
analysis of all parameters and device configurations with consideration of all possible attendant
effects is required to predict the ways for achieving efficient EUV photons source for HVM.
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Main determining parameters of LPP system with single laser beam include laser wavelength,
intensity, spot size, and pulse duration. Optimization of these parameters is significantly
influenced by target geometry and composition. Optimization of such complicated systems as
LDP and LPP with dual-beam lasers depends on both, characteristics of the initial laser for pre-
plasma production and the main energy source for EUV photons generation. Parameters of the
initial laser beams for creation of pre-plasma determine the temporal and spatial characteristics
of EUV devices. Since combination of many factors in both sources influences the production of
radiating media with specific characteristics, optimization of these systems would require
significant costly experimental efforts.

The objectives of this thesis are examination of laser produced plasmas in various
configurations and possible solutions of the LPP source challenges for EUVL. This work
summarizes results of comprehensive analysis of LPP processes, their effect on EUV photons
emission and collection and the ways of EUV sources optimization. The work is based on the
state-of-the art models and simulations using the HEIGHTS computer package. HEIGHTS
simulation package incorporates detailed models in full 3D geometry of multiple laser
interactions with various target materials for EUV Lithography as well as for applications in
fusion energy, nuclear and high energy physics, directed energy lethality, and surface
modifications of materials.

The package includes 3D description of main processes occurred in LPP systems, that allows
self-consistent advanced simulations and predictions without any fittings or adjustment
parameters. This modeling and simulation included all phases of laser target evolution: from
laser/target interaction, energy deposition, target vaporization, ionization, plasma hydrodynamic

expansion, thermal and radiation energy redistribution, and EUV photons collection as well as
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detailed mapping of photons source size and location. Testing and benchmarking results showed
evidence of correct processes implementation. It showed also that accurate computer simulation
with sufficient details can be used with confidence to understand, design, and optimize LPP
systems and save significant time and cost compared to conducting numerous expensive

experiments.

1.5 Summary of applicant's contributions

The author of this thesis contributed significantly to the development of the HEIGHTS
comprehensive package, physical models of target response and plasma formation, and utilized
the developed models for analysis of laser-produced plasma (LPP) systems as potential light
sources for extreme ultraviolet lithography (EUVL).

The main specific contributions to the models development include:

- Implementation of model for target vaporization based on the surface atoms kinetics;

- Development of models for hydrodynamics and thermal conduction for two-component
plasma to simulate plasma evolution in presence of ambient gas;

- Development and improvement of algorithms for parallel calculations on multi-processor
computers;

- Models benchmarking and debugging for various geometries;

- Upgrade of ITMC-DYN (Ion Transport in Materials & Compounds-Dynamic Version) -
Monte Carlo based package designed for simulation of ions/target interactions. This
upgrades included modeling of dynamic update of target composition during interaction
processes, particles diffusion, chemical erosion, surface segregation, molecular

recombination and desorption of gaseous species from the surface. One main purpose of
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this development was done to study the effect of energetic ions produces in LPP devices
on the photon collection optical mirror system.
The main contributions to the analysis of plasmas in LPP systems and following optimization
of EUV sources include:

- Comprehensive self-consistent analysis of plasma physics processes and plasma behavior
in various LPP systems;

- Thorough and systematic evaluation and optimization of parameters in LPP devices which
influence EUV photons production and collection;

- Prediction, for the first time, of location, intensity and size of EUV source in LPP systems;

- Detailed simulation, for the first time, of the output power limits from the smallest possible
spherical targets for the most efficient EUV source;

- Proposition, for the first time, of fourth harmonic of Nd:YAG laser as the most efficient
way for target preparation in dual-laser beam systems;

- Explanation, for the first time, of many worldwide experimental results, which were
obtained before and after models prediction. These include effect of longer laser
wavelengths in combination with small targets on having low efficiency of LPP source;
effect of target geometry on the CE of LPP systems; and the effect of delay time between
pulses in dual-beam laser systems on plasma characteristics and requirements for the
second laser parameters to produce the highest CE;

- Prediction, for the first time, opportunities for potential increase in source power (critical
for economic impact of the semiconductor industry) and the challenges related to such

source power increase;
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- Prediction of degradation of the optical multi-layer mirror systems for EUV photons

collection in various LPP systems.

These developments and findings were published in several high-quality high-impact physical

journals during the course of this thesis work.
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2. DESCRIPTION OF MODELS AND METHODS

Guidance and realistic predictions of experimental results are possible with the state of the art
comprehensive modeling that complies with the following important requirements: 1) computer
package includes complete set of models for accurate description of all physics processes
involved in LPP systems; 2) models are well tested and benchmarked separately in each
interaction physics phase as well as in an integrated system; 3) simulations within the package
should be able to be extended to reasonable range of experimental parameters without any
parametric adjustments or fittings. Accurate modeling and comprehensive understanding of
plasma physics processes in LPP should consider details of spatial and temporal input power
deposition from laser sources, absorption/reflection of laser light from the surface of solid/liquid
target, hydrodynamic evolution of target, absorption/reflection of laser from the evolving target
vapor, atomic physics and vapor ionization, absorption/reflection in heated plasma layer, and

photon generation and transport during different phases of the evolving target.

2.3 General equations set

The plasma motion dynamics are considered using the set of four conservation laws: mass
density, momentum, energy, and magnetic field in the form of

dq
—+V.F =0 3
2 . 3)

where q is the conservation parameter and F, is the flux of this parameter.

In application to plasma as a continuous, compressible medium, Eq. 3 can be converted to the

following expressions for conservation of mass, momentum, and total energy:
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op
Fiv. =0,
5t (pv)

0
5pV+V~(,OVV+ph)=0, (4)

0
%+V-[v(eh +ph)]=0,

where, pis the density of plasma, vis the velocity of plasma, p, is the hydrodynamic pressure,

pv’

and e, = BN +e. . is the sum of kinetic and internal energy densities of plasma. Because EUV

int

lithography applications are using the LPP devices with the radiation power density of 1010 —
10'2 W/em? the influence of thermo magnetic processes on the plasma behavior was ignored
[12].

Because inverse bremsstrahlung is the main mechanism of laser radiation absorption in
plasma, the electrons are the main recipient of the laser radiation energy. The maximal energy

that can be transmitted from one particle to another particle by elastic interaction is given by [35]

Emax :4m—1n122E1 = CtrEl (5)
(ml +m2)

where m, and E, are the mass and energy of the bullet particle, and m, is the mass of the recoil
particle. The transmission coefficient for the equal particles (electron-electron or ion-ion) reaches
~1.0. The transmission between electron and ion (Xe" for example) is much smaller, C ~

1.6x107. These estimations show that the thermal energy will be transferred from the electrons to
the ions with a time delay. The temperature of the electrons will differ from that of the ions
because laser heating is a very fast process as a rule. Describing the laser plasma as a mixture of

two species (electronic and ionic) is more correct and enables one to explain numerous physical
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phenomena of laser heating: electrons overheating and acceleration, magnetic field generation,
and so forth.

The HEGHTS model of plasma evolution takes into account the principle of electro-neutrality
of plasma. This approach neglects local charge separation and enables one to split the energy
equation only. The continuity and pulse equations consider plasma motion as a whole. Moreover,
it was found that the best way for total energy control is to solve the energy equation for the
whole plasma. The energy of the plasma components is separated by the introduction of an
additional energy equation for electrons, which takes into account the mechanism of energy
exchange between the ionic and electronic parts.

After taking into account heat conduction and radiation transport, the general form of the

hydrodynamic equation set is given in two-temperature approximation by:

op

5+V-(pv)=0
opv
7+V-(pvv+ph)=0
(6)
Oe,

TtV [Me, + )= A VT -2 VT, -8,,]=0,,

%"'V'[V(et +pi)_/11VTi]:Qei

Here, e, = e, +e, +¢,, is the total energy; e, is the electronic component of the plasma energy,

which includes thermal energy of electrons and ionization energy; e, is the ion component of the

plasma energy; and e, = is the kinetic energy of the plasma. Analogous to energy,

pressure has electron and ion parts: p, = p, + p,. The thermal conduction in the plasma is

considered as the combined result of the electron 4, VT, and ion A ,VT, components, where A is
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the conductivity coefficient and 7' is the temperature. The radiation transport process is

represented here as flux S, , and the laser heating source as O, . The Q, term is the energy

interchange between electrons and ions.

Since the set of equations has convective terms (hydrodynamic flux) and dissipative terms
(heat conduction, laser heating, radiation transport, and electron-ion interaction), splitting
methods is used in numerical algorithm to separate the hyperbolic and parabolic parts [12, 36-
37]. Energy dissipation mechanisms are used as correction factors for the results of the predicted
convection fluxes. The energy distribution in domain is considered separately for ions and
electrons. Explicit methods and implicit with sparse linear equations solver are implemented for

the solution of heat conduction equation in the condensed target and in plasma.

2.2 Laser energy absorption

Monte Carlo method is used for accurate modeling of various
energy inputs from laser radiation, i.e., absorption/reflection in

solid/liquid target, absorption/reflection in target vapor, and

absorption/reflection in plasma layer (Fig. 8). Experimental

ey L]
| I ¥
. . . e g I ~=
optical properties were used for laser reflection from liquid tin. : e/
| /) 3 ,/
. A . I :,/{w’w;puuu
Laser photons absorption in vapor was simulated based on the .4
i //0 X
. .. . . 1/
main features of the collision-induced absorption such as a i/
v
77

quadratic dependence of the absorption coefficient on the density ¢

b4

and a weak dependence on the temperature [38]. Inverse

Fig. 8. Schematic illustration
of laser energy deposition in
3D computational domain

bremsstrahlung absorption was used for simulation of laser

photons interaction with plasma. The classical value for the
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absorption coefficient £’ that describes the collisional absorption mechanism is [39]

abs

e — 167 Zn’e’ lnA(v)
abs — 2 3/2 2/ 2 W2
3cv (27rmekBTL,) (l—vp/v )

(7

where e, n,, m,, and T, are the electron charge, density, mass, and temperature, respectively;

e

2
n,e

wm

e

1S

Ze is the ionic charge; ¢ is the light speed; v is the frequency of the laser light; v, =

the plasma frequency; and k, is the Boltzmann constant. The Coulomb logarithm is given by

[40]

InA = ln[% w L] 3

rn, Ze

In the simulations this Monte Carlo modeling of laser photons absorption and reflection in
liquid/vapor/plasma as well as photon transport in plasma interplays with surface vaporization
processes. The vaporized layer above the target surface initializes the processes of laser photons
absorption in vapor/plasma that prevents their penetration to target surface. At the same time,
radiated plasma photons add their energy to further heating of the droplet and this energy load to
the target can be significant from the well-developed hot plasma plume.

Detailed models for target vaporization are based on target thermophysical properties as well
as the kinetics of evaporation. The model establishes the connection between the surface
temperature and the net atom flux leaving the surface taking into account the possibility of

recondensation [41]. The time-dependent net evaporation rate may be approximated by:
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J(T)=J,", ift<t,
J(T)=J,“[0.8+0.2exp(—(t—1,)/10z,)], ift>1,

©)

where 7 is the above-surface vapor collision time; # is the preheat time for preparing the vapor
zone when recondensation become significant; J:'is the equilibrium evaporation flux which can

be estimated as:

, avJAP(T)
p(TWT, (10)

where « is the sticking probability; 4 is the atomic mass; P(7y) is the saturated vapor pressure;

J(T)=5.8x10"

p(Tv) is the density at the surface; and 75 is the vapor temperature.

2.3 Radiation transport

Radiation transport theory was initially developed based on the classical problem of
calculating star luminance, from which numerical methods and solution approximations of the
radiation transport equation were developed [42]. Gas in the star body is optically very thick, and
the space around the star is optically very thin. This enabled simple approximations of radiation
transport equation (RTE): diffusion approximation, radiative heat conduction, forward/reverse,
etc. [43].

Laboratory plasmas require special treatment in this regard. Such plasmas usually have high
gradients of radiation energy density at small spatial lengths. Simple approximations are invalid
as a rule for most practical applications. Advanced physical/mathematical models and numerical
methods should be applied for correct interpretation of radiation energy distribution. Two main
separate research approaches are being investigated, verified and compared in the frame of

HEIGHTS simulation package for various plasma science applications: direct numerical solution
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of RT equation using Gaussian quadrature method for volume integration along photons path and
Monte Carlo models with several weighting factors to enhance accuracy and reduce the
extensive computational time required for the simulation. These approaches provide significant
insight on the appropriate numerical techniques for multidimensional solution of complex dense

plasma physics applications.

2.3.1 Traditional models for radiation transport
Typical methods for the solution of radiation transport equations include:
- Radiation diffusion approximation method is based on the approximation for the relation
between spectral radiation flux and spectral radiation energy density as:

S, =—ZV30VUV (11)

where [, 1s the length of photon path before absorption (corrected to take into account induced
emission).

Radiation with low density gradient in the photon path is assumed in this approximation that
is correct for the isotropic radiation field. The above equation can be transformed to the typical

equation for the diffusion process with relation between the quanta flux and their density as:

J,=-D,VN, , where D, =~ (12)

In the field, where radiation density has high gradient or at the borders of the domain with
optically thin plasma, this approximation can lead to significant errors.

- Forward-reverse method considers two directions of radiation transport with the assumed
isotropic distribution in each of the directions. This model can be described similar to diffusion

approximation with the diffusion coefficient:
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D, = (13)

- Radiative heat conduction model calculates radiation flux proportionally to the
temperature gradient that is applicable in the environment with local thermodynamic equilibrium
(LTE):

3
g l6olT

VT (14)

The assumptions considered in the above methods make them inapplicable for laboratory
plasma applications where the radiation density can have high gradient, quanta dispersion is
anisotropic, and the accuracy of the uncertainty in the calculated plasma parameters can
significantly influence the performance, validity, and the outcome of the anticipated application,
e.g., radiation energy output for EUV lithography devices in the range of 13.5+1% nm photons.
Hence two advanced models were considered for the description of radiation transport for the

application in different areas of laboratory plasma.

2.3.2 Direct numerical solution of RT equation using Gaussian method
The main goal of this method is to obtain the radiation flux and its divergence in each cell of

the MHD domain mesh:

Qrad = V ) Srad (15)

The radiation flux is integrated by a spectrum and by an angular variable. It depends on the
distribution of plasma thermodynamic parameters (temperature and density) in the entire volume
under consideration:

o - > o
S=[SrdE Se=[1,QdQ (16)
0 4r
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N
where [/, is the spectral radiation intensity and €2 is a unit vector in the direction of quanta

distribution. For the solid angle dQ =sin 8 d@ d¢ , expression for the spectral flux is:
2z V4

Sy = [do[1,(p,0)cosOsin6 do (17)
0 0

where ¢ and 6 are the angles that determine the direction of the quanta distribution.
In the case of cylindrical symmetry, for example, the spectral flux at the point with

coordinates 1o and zo is described by the equation:

Sy =2[dp[1,(p,0)cosOsin6 d0 (18)
0 0

where the symmetry of the quanta distribution on the /ZH

corner ¢ is taken into account. Here, ¢ is the angle

between the projection of the quanta direction to the plane,

L _ R
perpendicular to the z-axis and normal to the cylindrical \

surface; and € is the angle between the quanta direction v

and the z -axis (Fig. 9). Fig. 9 Calculation of the quanta

) o o ] distribution n cylindrical
Simple projections of the radiation flux on the radial - geometry
and axial z-axis give:
See(15529) =2 jd(p ICOS @sin’ @ 1,(1y,2,,0)d0
0 0
S 61y, 20)=2 [ dgp [ cosO'sin 0 I,.(r,, 2, 0,0)d0 (19)
0 0

The spectral radiation intensity It (ro,zo,9,0) is found from the solution of the radiation

transport equation:
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dl
d_j = kEemiIEp - kEabsIE (20)

1s a spectral absorption coefficient for quanta with energy E, x,,,. 1s a spectral

emi

Here, «,

abs
emission coefficient, e is the spectral intensity, and Igp is the spectral equilibrium intensity. The
RTE represents the energy conservation law for the radiation intensity. The equilibrium intensity

Igp is defined by the Planck function:

he’ 1 o’ 1 1 . 2
£ 4z’ M - aricn - Ar’c’h’ B =D or
e;(T _1 eKT _1
33 3 E 33
£ E
KT E ey = KT 0 —1)", where x=2o Q1)

" aren T Caren KT

Equation (20) is a one-dimensional differential equation relative to the intensity along the ray
of the quanta distribution. A formal solution of a Cauchy problem is given for this equation:
1(5) = 1550 XD {=[ Ky ()l }+ [ 1, (5" Vg (") XD {= [ gy, (")} (22)

So

which expresses the fact that the intensity at any point in a given direction is the result of the

emission at all anterior points s , reduced by the factor exp {—jkEabs (s")ds'} as result of the

So
absorption by intervening matter.

Equation (20) can be written as:

dl Kemi dI Kemi
d_szabs(K_[Ep_IEJ or d_ZE':K_IEp_[E (23)

abs abs

where d7 =k, ds. This leads to:
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1.(r)=1,(r,)expi- j dr' + j kmE ;]Ep(r‘)exp{—jdr”}df' (24)

The numerical approximation of Eq. (24) is obtained by the spatial discretization, assuming
that the changing of temperature and density (and accordingly, the spectral coefficients) is
insignificant within the one-cell boundaries. Then, the spectral intensity value on the observation

ray is found by integration of values in the cells using:

1(5) = L (r e + k:f; j I, (+)expi- jdr"}dr 25)
Integrating yields

I.(z)=1.(r, )" + E ;{IEP(T,)—JEP(%)@“W—Tf expi— j dr"ydl, (7 )} (26)
and

1(6) = 1,7 )e T + "ZET;{ )5 € - | exp{—]dr"}(IEp(r'))'dr} @)

In view of the chosen discretization, the Planck function derivative is a constant value in each

cell. Thus,
I, (7)1 (7,
I (r)=1; (Ti—l)eiAT[ * ke’m(r ) |:IEp (z.)— ]Ep (7:1) et - Ep( ) Ep( 2 (1 —e )} (28)
abv( ) ATl«
Here Az, =7, -7, ,=k,.(s;, —s,,) is the optical absorption thickness of the cell for quanta with

energy E. Using Eq. (28), the spectral intensity along the radiation ray can be calculated. Next,

all quanta of energies is integrated to find the total components of the radiation flux:

Se(7y,2,) =2 Id(p Icos @ sin’ ﬁ[le(ro,zo,(p,G)dE} do
0 0 0
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S, (1,2,)=2 [ dg [cos6 siHG{J.IE(rO,ZO,(p,G)dE} do (29)
0 0 0

Integration by Spectrum. The total radiation flux in the point is found by angular integration

of the total intensity values from Eq. (29). The total intensity is the result of integrating by the

energy quanta:
1= [1,(ry,2,0,0)dE (30)
0

The energy spectrum grouping is used to obtain a numerical approximation of the last integral
solution. Each group Ex is defined by the boundary values of energy quanta Ex u Ex+1 and the
mean group absorption and emission coefficients. Then, the total radiation intensity is found by

summation of the intensity values, obtained for the spectral groups:

Epp
1:; [ 15,20, 0,0)dE (31)

E;

Based on Eq. (21), the Planck function for each group is integrated by its boundary values as:

Ejy 33 3 44 Ern 3

T X x'T X
I, = . dE = dx 32
Eep Ej 4r°c’h® et -1 4r’cn® | e -1 (32)

Estimation of the quantum energy that can be ignored with a given error (~ 10#) is carried out
to reduce the calculation time before integrating the intensity along the ray. The following

inequality can be used:

3 o 3
X dx <10,4J~xdx

[1,,dE<107[1,dE, or | p—

E, 0 E, 0

(33)

The maximum value of temperature Tmax along the ray is found for that inequality. The

o 3 4
approximate integral value is calculated as I )i dxl = 7;—5 , from which it follows that

e —
0
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15 ¢ x’dx 15 .13 5 4 E
? 1 = ?e [xk+3xk+6xk+6] < 107, where xk:Tk

X max

(34)

From this estimation, the energy groups with contribution less than 10 are not taken into
account when the intensity integration along the ray is carried out. Tables of absorption and
emission coefficients with the detailed resolution on the quanta energy, density, and temperature

are used for the calculation of the spectral group intensity.

Integration by Rays. Each ray is divided into intervals with equal length A/ from the starting
point of ray (ro, zo) to the exit from the hydrodynamic domain. It is assumed that the change in
temperature and density (and accordingly, the spectral coefficients) is insignificant within the

bounds of one cell. Then, the intensity on the observation ray is calculated from Eq. (28).

Integration by Angles. The total intensity is integrated by angles within the ranges 0 <¢p <7
and 0 <@ < r. Integrals over angles are approximated by the Gauss quadrature method:

b—a
2

b—a
2

A=[ fde=""=[ f()dE === F(£)C, (35)

Here, Ci are weights of the Gauss quadrature, and &ij are abscissas (changing from -1 up to 1).
The splitting is carried out at the nodal values @i and 0; equal to ¢, =%(1+ &) and

T

0, = E(l +¢.) . Then final equations for the calculation of flux components can be written as:

2
n .
Sx(7y,2) = > ZCiZcos¢)s1n2 0 1(ry,2,,¢,£,) C,
! J

2
S,(ry,2,) = %ZCiZcosﬁsinH 1(ry,24,¢,,¢,) C, (36)
i J

Depending on the order of Gauss quadrature used, the integration can be carried out using 8,
12, 16, 20, 24, 32, 64, 80, or 96 points of an angular grid. Accordingly, the total flux value in
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each point is calculated by integration of the intensity in the direction of 64, 144, 400, 576, 1024,
4096, 6400 or 9216 observation rays, going out from that point. The angular integration accuracy
increases with increasing order of the Gauss. This method is, however, very time-consuming and
resource intensive, that makes hard to provide an accurate study of any particular application.
Understanding the importance and of the accuracy of the radiation transport calculation in
reasonable time and to ensure the validity of our simulation, an alternative method of calculating

the radiation transport by means of Monte Carlo model was developed.

2.3.3 Monte Carlo Radiation Transport

Alternative to the direct resolution of the RTE, where one searches the continuous function of
the radiation intensity, the probabilistic model of the energy redistribution operates using the
discrete portions of the radiative energies. Each energy portion is individually analyzed.
Studying the trajectory and the behavior, as well as the number of emitted and absorbed energy
portions in each point of the plasma domain (or in the points which represent major interest), one
can then calculate the re-distribution of the energy due to photon transport. The energy and the
trajectory of photon movement are played out by Monte Carlo technique. Each portion of the
spectrum is assumed as a monochromatic set of photons. The total energy of a portion is a sum
of the energies of the component photons, and the portion is called macro-photon, or photon
bundle.

Depending upon the hydrodynamic parameters of a cell, some number of probe macro-
photons is carried out by the Monte-Carlo radiation transport method (MCRT). The energies of
the macro-photons are distributed according to the emission coefficient of the cell. Later on, the

history, the behavior, and the track of the photons are statistically accumulated in the form of
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energy redistribution within the domain. To improve the efficiency of the method, several
innovative weight factors of the statistically collected events are utilized.

Emission _of Photons. Monte Carlo methods have the advantage of being relatively

straightforward to apply for complex geometries

(Fig. 10). HEIGHTS Monte Carlo model for

radiation transport uses a numerical algorithm §- Vs
" Viavctongn,om 7
emission ///
with weight factors to speed up calculations. Two . 0 . start -}
e 8 /
PR e
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major weight factors are developed: normalization
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of emitted photon "bundles" relative to the most final| [I5F 7

cell 7/
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radiated cell of the computational domain, and ,///'
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normalization of the photon bundle magnitudes

relative to the optical thickness of cell. The first

Fig. 10. Monte Carlo modeling of
weight coefficient enables to detail the emission radiation transport in plasma [18]
process by neglecting cold cells emission, while in the second coefficient, "idle" processes are
ignored, i.e., situations with photon emission and absorption within one cell (absorbed lines).
These coefficients allowed significantly decreasing the computational burden. As preliminary
calculations for a nonuniform mesh showed, a third weight coefficient can be useful. The volume
of emitting cell can be so small that the amount needed to simulate photon bundles will not be
sufficient for proper results. The volume weight coefficient increases computation accuracy in

this case.

It 1s well known [43], that one needs to integrate the emission coefficient &, , with Planck's

1

function B(a)) in full spectrum to obtain the number N of photons emitted in space (from the

volume unit in the time interval):
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N =4z [ =222 B(w)= T -1 37
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After substitution and change of variables the following expression convenient for numerical

calculations is obtained:

N= j m(hES r p)E (eE—lJ dE [em?s'], (38)

where FEis the energy of emitted photon [eV]; E_. ,E__ are the spectral range [eV];

ke,m.(E,T , p) is the emission coefficient [cm']; Tis the plasma temperature [eV]; p is the
plasma density [g/cm’]; A= 6.58217x10'® [eVs] is the Planck's constant; ¢=2.9979x10'

[cm/s] is the speed of light.
From the cell volume, temperature, and density values the total number of photons that are

emitted in time unit is calculated as:

1
kBT op B 5
l’ B J' emz lj k pl Ik) {eTM/Jf _IJ dE (39)

mm

where V, ;, is the volume of cell (i,/,k).

One of the most important points in Monte Carlo simulation algorithm is to search for the
most radiative cell. The total number of photons in most radiative cell is then used for the
normalization of photon bundles. This technique significantly increases the efficiency of
calculations. From this point, the following algorithm was developed for Monte Carlo modeling
of photons emission:

- The total number of emitted photons is calculated in the most radiative cell by integration

range-by-range:
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max M Eps .

NmaX:Wka(En,Tmax max )j E|e m— dE (40)

C =1

This expression assumes that the emission coefficient £, ( , T pm"“) is constant within

one spectral range. M 1is the total number of ranges.

- The first weight coefficient W, is calculated.

- The spectral range distribution of emitted photons is obtained for the (i,j,k) cell:

-1
Vi ko BT o )5
Nl-ilj’k — i,j,k emlil}n i,j,k pljk I EZ[ 1\] dE (41)

- The spectral range distribution of the second weight coefficient is determined for the
(i,j.k) cell.
- Taking into account these weight factors, the total sum of Monte Carlo emission tests in

the (i,j,k) cell is calculated:

lel i,k
uk——ZW,/ (42)

1nl 2{i,j.k}

Absorption of Photons. Attenuation of light intensity as a result of matter absorption is

l
Jkals

0

described by the expression [ =1, e [44] or, in photon number terms

]
~[ ks (@,1)a

N(@)=Ny(@)e * 43)
Here No(a)) is the initial number of photons with frequency @ and / is the path length.

Considering the photon path within one cell (where the absorption coefficient is constant) the

attenuation can be calculated as:
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N(w)=Ny(@)e " (44)

The absorption/transition probability of the photon in cell (i,j,k), following the expression

(42), is given then as:

— 1 _ eikabs{i,j,k}(a))l

abs _ N(a))
T

Ptrans (a)) — e_kahs{isj,k}(w)l (45)

ik

Emission and absorption/transition of all simulation results represent information about the
energy redistribution in the computational domain due to radiation transport.

In analysis of radiation transport processes, two general aspects can be indicated. Radiation
fluxes should be determined for (1) correction of the plasma thermal energy and, as a result,
correction of the plasma motion in the MHD domain, and (2) investigation of the final, useful,
e.g., for EUVL application, part of plasma radiation. Correct calculation of the energy spatial
redistribution in the full spectrum plays a critical role in the solution of first problem. The total
spectral range should be optimized to accurately describe the radiation energy redistribution
using reasonable computational resources.

Plasma thermodynamic properties and optical coefficients are calculated using the self-
consistent Hartree-Fock-Slater (HFS) model implemented in HEIGHTS [45]. The populations of
atomic levels, ionization balance, and the ion and electron plasma concentrations are obtained
based on the collisional-radiative equilibrium (CRE) approximation. Tabulated plasma properties
and optical coefficients for wide range of temperatures and densities are used during the
simulation of whole cycle of plasma evolution in LPP. Spatial attention was paid to the accuracy
and details of plasma optical coefficients in the EUV range [46]. Based on HEIGHTS

+13

calculations the five ions starting from Sn™ to Sn*!* contribute to the EUV emission near 13 nm
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in Sn plasma, which is considered as the main source of radiation in this region. Detailed
description of models for calculation of atomic data and plasma properties is given elsewhere
[45].

To make the complex analysis of LPP devices and to take into account different aspects
which can influence successful development of EUV source, energetic ions production in LPPs
was calculated and benchmarked; and the response of optical multilayer mirrors to impact of
kinetic ions was modeled for various energies. Our ITMC-DYN (Ion Transport in Materials and
Compounds) dynamic Monte Carlo package was used to study surface damage of the MLM
optical collection system due to the energetic ions produced during the laser interaction with tin
targets. The package includes Monte Carlo models for ions interaction with target atoms as well
as models for particles diffusion, surface segregation, molecular recombination, and desorption
for gaseous species. The integrated models are time-dependent and self-consistent among all
physical processes involved with continuous dynamic updating of target layers composition to

accurately simulate realistic experimental conditions [47, 48].

2.4 Models testing and benchmarking

Plasmas in intense LPP sources have high gradients of radiation energy density at small
spatial lengths and require special treatment. Therefore, accurate physical/mathematical models
and appropriate numerical methods should be implemented and carefully benchmarked for
correct calculation of plasma evolution, opacity, photons generation, and their transport and
distribution. One of the most important processes in understanding plasma evolution and EUV
source generation and location is photon transport in such complex plasma environment. Two

separate methods for calculating radiation transport have implemented and compared, i.e., direct
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integration of the radiation transport equation along photon path and Monte Carlo models with
several novel weight factors to enhance the accuracy and the speed of calculations. These two
independent methods agree well with each other and highlight the importance of accurate full 3D
solution of radiation transport equations for the correct simulation of LPP sources. Detailed
description of laser energy absorption and dynamics of target vaporization are also quite
important for various laser/plasma interaction regimes in EUVL devices. Hydrodynamic effects
during plasma evolution and containment can significantly influence EUV emission, which
usually follows laser intensity profile in ideal LPP conditions.

The models implemented in HEIGHTS are extensively tested and benchmarked separately in
each physics phase of laser/target interaction as well as in the entire integrated system without
any parameters adjustments or fitting routines. Final benchmarking was done for a completely
EUYV lithography application. The EUV output was calculated from the LPP device with planar
geometry of the tin target and compared to published data [16]. The arrangement of the

experiment is shown schematically in Fig. 11.
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Fig. 11. Experimental parameters used Fig. 12. Efficiency of LPP devices using
in modeling for benchmarking tin planar target. Comparison of

experimental and theoretical data [16, 49]
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The device used in the assembly and modeled with the HEIGHTS package is using an
Nd:YAG laser, delivering 0.3J at 1.064 um in a 7.5 ns pulse. Laser light was focused onto the
target surface at normal incidence by an aberration- and chromatic corrected lens with a 20.3 cm
focal length. The laser radiation intensity is controlled by tuning the laser spot radius. The
minimum spot size at the target was about 20 pum.

The physical and mathematical model assembled for this problem included all the blocks of
HEIGHTS package: Eulerian/Lagrangian description of plasma hydrodynamic evolution in
multidimensional finite volume approximation, implicit sparse matrix solution for parabolic
terms, Monte Carlo radiation transport, Monte Carlo laser absorption, and Monte Carlo modeling
of EUV output registration. The model was tested with two and three dimension numerical
schemes, with equal results. Also several variants of spatial meshes were tested: for 2D 100x250
cells with minimal size of cell in region of interest ~1um and 65x110 with size ~5um; for 3D
40x40x45 cells with cell size ~10um for large spot sizes only. A final parameter that served as a
criterion for the code work evaluation was the total EUV output into 27 sr solid angle, that is, the

CE of the LPP device:

13.4nm £ 1.1eV

Cryy = —2H——-100%, 46
EUV 0, -22eV 0 (46)

where Q;‘J“V"’"il‘lel/is the amount of EUV radiation energy registered in the 2.2 eV bandwidth

centered at 134 A. The efficiency is normalized to 1 eV. Figure 12 shows a comparison of
experimental results, well-known theoretical data (LASNEX), and results simulated by the

HEIGHTS package.
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HEIGHTS models were benchmarked considering several parameters and conditions, which
can influence the in-band photons production, i.e., laser beam wavelength, spot size and target
geometry.

Figure 13 compares the results of HEIGHTS modeling with the experimental results, where
tin droplets with 100 pm diameters were irradiated by a CO2 laser beam with 100 um spot size
and with different intensities [50]. HEIGHTS showed very good agreement with the data over a
wide range of laser intensities. HEIGHTS results showed also that the CE exhibits similar
peaking behavior to the experimental data with the laser intensity and laser wavelength, with

maximum CE predicted at relatively lower intensity for the longer wavelength.
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Fig. 13. Dependence of CE on CO: laser
i beam intensity in experiments [50] and
0" 10" HEIGHTS modeling [18]
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The HEIGHTS integrated modeling was also compared with the experimental data obtained
in our CMUXE laboratory. Nd:YAG laser with 1064 nm wavelength and with 8 ns duration and
150 um spot size on planar target was used in both the experiment and for the HEIGHTS
simulation. The dependence of the CE on laser beam intensity is shown in Fig.14 and

demonstrates a good agreement with the models in both the magnitudes and the trends.
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As shown above, the HEIGHTS numerical results agree well with the published data. The
numerical scheme demonstrated stability of results with changing spatial discretization and with
expanding to the full 3D system. These results indicate that the HEIGHTS package can be used
effectively to study complex optimization problems in LPP devices for efficient EUV photons

output and collection.
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3. MODELING, ANALYSIS, AND OPTIMIZATION OF EUVL SOURCES

Advanced computer simulation of LPP can be important tool for designing and optimizing
LPP devices and can significantly reduce the cost and the time of conducting extensive
experiments. However, accurate simulation of LPP devices for EUVL requires advanced
multidimensional physical models and numerical methods. The influence and the importance of
various processes implemented in the HEIGHTS package, on plasma evolution dynamics and as

result on the EUV source intensity, location, and size were studied.

3.1 Effect of laser parameters and geometrical containment on EUV photons output
3.1.1 Laser wavelength influence

To analyze the effect of laser wavelength on EUV source from Sn target, the interaction of a
single laser beam with a droplet target was simulated [52]. The spherical tin target had a 100 um
diameter and was located at the point of origin of a cylindrical coordinate system. The laser
beam coincided with the z-axis. Three laser wavelengths were tested for 10 ns pulse duration:
355, 532, and 1064 nm. Typical density, temperature, and velocity of plasma are plotted in Fig.
15. Distributions are shown for the case A = 1064 nm, Epuise = 45 mJ, time moment 9 ns after the

laser pulse starts.

Z distance, cm

Density, logl0(; g/('nt3)

(a) 0.1 -0.05 0 0.05 0.1
R distance, cm

50



30

" {]Il!lltl‘ "
i o W

3

70

% 5 s
§ - 30 S E
£ -
E = 25 El =
- 4 2 =} 40
= g' 20 : =
N 5} - 30
= 15
20
10
10
5
0.1 -0.05 ] 0.05 0.1
i L .05 o1 R distance, cm
R distance, cm
(b) (c)

Fig. 15. (a) density, (b) temperature, and (c) velocity of tin plasma distributions at 9.0 ns.
Single laser case: energy of laser pulse 45 mJ, wavelength 1064 nm.

The efficiency of the simulated EUV device is shown in Fig. 16 as a function of laser power
density. The CE was calculated as the ratio of total EUV output (13.5£1% nm) into 27 sr solid
angle to the energy of the initial laser pulse. Experimental data showed HEIGHTS similar
behavior on wavelength intensities of Nd:YAG lasers [53]. As shown in Fig. 16, the maximum
of the efficiency is obtained around 5x10'® W/cm? with a laser wavelength of 1064 nm. The
optimum laser irradiance corresponds to total laser energy of 30-50 mJ irradiated in 10 ns as

predicted by HEIGHTS simulations.
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3.1.2 Target geometry influence on plasma evolution

For studying the spatial hydrodynamic effects of spherical and planar targets on the EUV
production, Nd:YAG laser interaction with both a tin droplet and a slab target was modeled [51].
Similar laser parameters were used in both cases, i.e., 1.064 um laser wavelength with 70 pum
spot size and 8 ns (full width, half maximum) duration. The diameter of the droplet was chosen
to be two times larger than the spot size to allow efficient utilization of the laser energy and the
target can still be considered as spherical.

One of the main goals of this thesis is to determine the role of the hydrodynamic evolution
and containment processes as the main cause for the differences in the CE between the planar
and spherical targets. HEIGHTS showed that planar targets provide greater geometrical plasma
containment in comparison to the spherical case. This hydrodynamic containment prevents the

plasma to quickly escape from the EUV production zone.

80 (120 ns I = |

100 100

600 600

400 400

60
sof
50

um
(=

] g
40 Sy

-S0f:

Electron tempergture,eV
EUV Radiation Fluxes,W/cm’

-100 -100
0 100 200 0 100 200 0 100 200 0 100 200
pm pm pm pm
Fig. 17. Electron temperature and density Fig. 18. Radiation fluxes in EUV range in
(white contours) distribution in planar (left) planar (left) and droplet (right) target
and droplet (right) target models [51] models [51]
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Figure 17 shows the electrons temperature and density distributions at 4 ns after the peak of
the laser beam with an intensity of 5x10'"" W/cm? (FWHM) irradiated the target surface. The
target surface is located in all cases near the zero point. The plasma near target surface with
electron density of around 10?° cm™ and electron temperature of ~ 30 eV forms most productive
EUYV radiation area for these conditions. As shown in Fig. 18, significant part of the emitted
photons is absorbed around this area in the denser zone (close to target surface) or in the more
hot areas. The EUV radiation fluxes have larger values in surrounding regions.

HEIGHTS Monte Carlo model for radiation transport simulation allows determining the
location and intensity of photons source for EUV output in 27w sr (Fig. 19). The shape of EUV
source area corresponds to the shape of the optimum plasma plume for photon production and
depends on the area of the absorbing plasma. Figure 19 illustrates the source of EUV photons

collected during 20 ns with laser pulse width 8 ns (FWHM).
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Fig. 19. Location and intensity of EUV power collected during 20 ns in 271t
st in planar (left) and droplet (right) target models [51]
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Figures 17-19 correspond to an intense laser heating of 5x10'" W/cm?. This analysis shows

that the effective plasma containment in the case of high laser energy input causes plasma

overheating and therefore, decreases the CE. Figure 20 confirms this observation. Planar target

is more effective than droplet target for small and medium laser radiation intensities. The

overheating reverses this situation for laser intensities higher than ~ 2.5x10!'" W/cm?.

2.5

(5]

— droplet 150 pm ‘

planar

CE, % /2%BW / 2n
n

e
n

—
T

/

1.064 um Laser
8 ns FWHM
70-um-Spot Size

S

Fig. 20. Dependence of CE on laser
intensity for sphere and planar targets

=]

10

10

1011

Laser Intensity, W/em?

[51]

At lower laser intensities the plasma is not excessively overheated and the size of EUV area is

larger for the planar geometry because of better plasma evolution and containment. The EUV

radiation area produced by laser heating of intensity 7x10'° W/cm? is shown in Fig. 21. Most

significant EUV photons generation zone is located around the spot center, in contrast to

previously described regime.
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Fig. 21. Location and intensity of EUV power
collected during 20 ns in 27 st in planar (left)
and droplet (right) target models [51]
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At higher laser intensities hydrodynamic plasma evolution moving away from the area of
laser energy deposition/absorption prevents further plasma overheating in the system with the
spherical configuration (Fig. 19). Hence, the difference in CE for planar and spherical target is
explained by the nature of hydrodynamic geometrical containment. Condition with high plasma
density and stable temperature should be created to get an optimum CE. The plasma temperature
stability is provided by the balance between the incoming and escaping energy, i.e., laser energy
absorption, radiation energy loss, and plasma expansion. The last term is mainly controlled by
hydrodynamic containment.

The geometrical hydrodynamic effects control the plasma motion, i.e., limit and control the
escaping plasma from the laser heating area and from the most productive EUV generation zone.
In the case of the larger laser heating region, lower laser intensities are needed to create the
efficient EUV production area because of the longer time of the plasma motion under the laser
beam. The smaller laser irradiation spots produce opposite effects. As a result, the hydrodynamic
containment believed to be the cause of the right shift of the maximum CE due to the decrease of
the laser beam radius (see Fig. 22). This is a consequence of the hydrodynamic evolution where
the plasma containment can play an important role. In order to maximize EUV production, one
has to create the proper plasma density and temperature conditions with maximum size for the

longest possible period of time.
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The difference in combination of plasma density and temperature in most EUV emissive areas
and in surrounding plasma determines photon source efficiency. Distribution of these parameters
depends among other factors on hydrodynamic expansion and containment, which can be

controlled by lasers [52, 49], target geometry [54], or a combination of both.

3.1.3 Plasma production and containment by multiple laser beams

To achieve efficient conditions for EUV photons output, the space- distributed laser beam
assembly shown in Fig. 23 was constructed. The three laser beams can effectively confine the
plasma density by any optimal axial angle 0. The proposed laser beam configuration should
organize along the z-axis the plasma jet confined in the radial direction. The case 6 = 0
corresponds to a single-laser device construction. The 3D problem was simulated for a tin
droplet with diameter 100 nm. Energy of pulse (45 mJ) was distributed in equal parts between
three lasers started at one time. The duration of the pulse was 10 ns. The laser wavelength was
1064 nm. Initial conditions of this numerical experiment correspond to the most optimal single-
laser case shown in Fig. 16. The square distribution of laser energy in time and the Gaussian

distribution in space were used in this numerical experiment.

. N
"SR

¢ /
/
| 4
e
] 9 b
y
! s L.
*-—1 A0 o >
-a
I /// \ a X
I V4 target
1 %
/7,7
v -
/7
/%4
7

Fig. 23. Three-beam LPP device, ¢ - radial angle, and 0 - axial angle [52]
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Influence of the plasma containment on the efficiency of LPP device is plotted in Fig. 24 as
the dependence on the axial angle 0.
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Fig. 24. Efficiency of the three-beam LPP device as a function of axial
angle (green line). Maximum temperature of plasma (red line) [52]

The second numerical experiment confirms the existence of the optimal axial angle (0 ~ 30",

where plasma containment gives an advantage in the EUV output CE (Fig. 25).
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As it was assumed, a new plasma jet appears and obtains energy in area between the laser

beams. The efficiency of the three-beam device should be higher in comparison to the single-
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beam device only with enough laser pulse energy: optimal plasma temperature and density
cannot be achieved in the central jet with initially cold plasma. EUV efficiency dependence on
the laser pulse energy is plotted (Fig. 25) for the optimal axial angle 6 = 30" and confirmation of
this statement was obtained.

Figure 26 shows temperature fields in x-y-plane cross-sections that correspond to the

maximum temperature points (see Fig. 24).
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The plasma motion initiated with three laser beams is illustrated in Fig. 27. Here are presented
(z-x) cross-sections of density, temperature, and velocity fields. The black arrow indicates the

direction of the formed plasma jet.
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Fig. 27. (a) density, (b) temperature, and (c) velocity of tin plasma distributions
at 40 ns in z-x plane [52]

Hydrodynamic plasma evolution requires accurate description and precise modeling
especially in the simulation of smaller laser spots and targets. The desire for the smallest possible
target is based on the requirement for longer chamber components lifetime mainly the mirrors
collecting system [55]. Mass-limited targets such as small droplets allow reducing debris fluence
to the optical system preventing contamination and surface damage. However, small size of
target leads to reducing laser spot size and, as consequence, a significant decrease in CE of laser

energy to EUV useful photons [16].
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3.1.4 Comparative analysis of plasmas created by CO; and Nd:YAG lasers

Currently two laser sources are considered for EUV plasma source production using pre-pulse
technique, viz. Nd:YAG (1.06 um) or CO2 (10.6 um). The wavelength effects of the laser light
on the temporal and spatial features of EUV radiation emission were studied and approximately
the same CE from plasmas created from a tin foil by CO2 and Nd:YAG lasers was obtained with
optimized parameters for both lasers. The situation differs when small droplets are used as the
target for plasma creation. Efficiency of such systems for EUV radiation is significantly lower
than efficiency of devices using planar targets. While such decrease is less pronounced in the
case of Nd:YAG laser, the CE of the CO: laser decreases by several times in comparison to
planar targets where larger laser spots can be used.

The efficient release of 13.5 nm radiation by the plasma is related to plasma opacity, which
depends on the level populations of different ionic states, ionization balance, and electron
density. The density of plasma is governed both by laser and target properties. For nanosecond
(ns) LPP, the leading edge of the laser pulse creates plasma, and the remaining part of the laser
pulse heats the plasma instead of interacting with the target.

The influence of the deposition time of the laser energy on the total EUV output in 27n-solid
angle with time was analyzed [56]. Typically CO:2 laser beam has a long pulse length and
complicated spiky shape while the Nd:YAG laser in general possesses Gaussian temporal
profile.

The intensity profiles in Figures 28 and 29 demonstrate the strong dependence of the EUV
emission on the temporal profiles of CO2 and Nd:YAG laser pulses. In the case of 1.06 um laser
the EUV radiation output is quite longer than incident laser pulse width. This can be explained

by the chosen laser parameters in the modeling with a larger spot size (500 um) and 10 ns
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(FWHM) deposition time. This laser beam parameters produced relatively hot dense plasma that

led to more time for cooling of such plasma.
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Fig. 28. Time profile of laser beam Fig. 29. Time profile of laser beam
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A special case with pulse profile typical for CO: lasers found in CMUXE experiments and

then implemented in our HEIGHTS modeling is shown in Figure 30.
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The complex temporal pulse shape of this laser significantly influences the time dependence
of the EUV radiation output. The time dependence of the plasma temperature follows similar

behavior with maximum values varied from 45 eV at 50 ns to 30 eV at 55 ns which influences
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the EUV radiation output. Figure also illustrates that an initial part of CO:2 typical pulse is

inefficient for the EUV production.

The dependence of the source location and intensity on plasma conditions created by

Nd:YAG and CO: lasers was analyzed [57]. Figures 31 and 32 show that optimum temperature

for EUV emission is around 30-40 eV in plasmas created by both lasers.
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7-5 ns —e— Density —=— Temperature —=— EUY Radiation

107 7 2.2x10"
(ll
| 150
107} S
12
. 4 4""‘5-].7)(10
"z 107 F B §
2 gl =
= a0 £
£10% = Epixao?
z g
2 8 £l20 =
a 10"} ]
& ’ |I e =7
\ =5.6x10"
101-" J 10
16 ‘Rk
10 g ) 0
10° 10° 10°

Distance, cm

Fig. 32. EUV source location and intensity in relation with density and temperature of
plasma created by Nd:YAG laser [57]

62



Since 10 um wavelength radiation is absorbed in region with plasma density of 10" cm™,

location of maximum EUV output is determined by this density value. Laser with 1064 nm
wavelength is absorbed by plasma with the density 10?° -10?! cm™ near the target surface, that
also determines the location of EUV source. In these simulations, the optimized intensities for
lasers with considered spot size (30 pm) were used, such as 5x10'° W/cm? with 30 ns (FWHM)
duration for CO2 and 10'" W/cm? with 10 ns (FWHM) duration for Nd:YAG. The presented
results correspond to the peak intensities of these lasers.

Figures 31 and 32 show also that the intensity of EUV source in denser plasma (created by
Nd:YAGQG) is one order of magnitude higher. It is explain