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ABSTRACT

Laser-driven tin plasmas are driving new-generation nanolithography as sources of extreme ultraviolet (EUV) radiation centered at 13.5 nm.
A major challenge facing industrial EUV source development is predicting energetic ion debris produced during the plasma expansion that
may damage the sensitive EUV channeling multilayer optics. Gaining a detailed understanding of the plasma dynamics and ion acceleration
mechanisms in these sources could provide critical insights for designing debris mitigation strategies in future high-power EUV sources. We
develop a fully kinetic model of tin-EUV sources using one-dimensional particle-in-cell simulations to study ion debris acceleration, which
will be valuable for cross-validation of radiation-hydrodynamic simulations. An inverse-bremsstrahlung heating operator is used to model
the interaction of a tin target with an Nd:YAG laser, and thermal conduction is included through a Monte Carlo Coulomb collision operator.
While the large-scale evolution is in reasonable agreement with analogous hydrodynamic simulations, the significant timescale for collisional
equilibration between electrons and ions allows for the development of prominent two-temperature features. A collimated flow of energetic
ions is produced with a spectrum that is significantly enhanced at high energies compared to fluid simulations. The dominant acceleration
mechanism is found to be a large-scale electric field supported mainly by the electron pressure gradient, which is enhanced in the kinetic sim-
ulations due to the increased electron temperature. We discuss the implications of these results for future modeling of tin-EUV sources and
the development of debris mitigation schemes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0200896
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Laser-driven tin plasmas are driving new-generation nanolithog-
raphy as sources of extreme ultraviolet (EUV) light." The narrowband
emission centered at 13.5 nm is an order of magnitude shorter in wave-
length compared to conventional deep ultraviolet photolithography
sources, enabling the patterning of smaller features on semiconductor
chips and thereby providing a route for the continuation of Moore’s
law.” * Challenges for industrial applications of tin plasma EUV sour-
ces center around (i) optimizing the efficiency of converting laser
energy into EUV radiation and (ii) limiting the production of high-
energy ionic debris during the laser-plasma interaction,” which may

impinge and damage and, therefore, limit the lifetime of the sensitive
Mo/Si multilayer optics® that channel the EUV radiation. Balancing
these factors has led to the development of current industrial imple-
mentations that utilize tin targets with sizes in the range 10 — 100 um
irradiated by 10.6 um CO, lasers at 50 kHz repetition rates.” Plasmas
driven by solid-state lasers, such as 1 um-wavelength Nd:YAG and
2 um-wavelength Tm:YLF systems, are currently being investigated as
promising alternatives.” '’ Gaining a detailed understanding of the
plasma dynamics in the various possible configurations through dedi-
cated experiments and high-resolution numerical simulations may
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provide critical insight that allows harnessing the full potential of tin
plasma EUV sources."'

State-of-the-art numerical simulations of tin plasma EUV sources
typically employ radiation-hydrodynamics models, using codes such
as RALEF-2D,” " STAR-2D,"™'° RZLINE,'~ HEIGHTS,"*
HELIOS-CR,”' Cretin,”> and HYDRA.”*** The single-fluid, single-
temperature approximation adopted in RALEF-2D, for instance,
makes it computationally feasible to perform simulations that capture
realistic system sizes while including complex physical processes.
However, the single-fluid approximation is satisfied to varied degrees
depending on the plasma conditions and breaks down in the hot low-
density plasma ablated from the target and the interaction of energetic
ions with pre-ablated plasma. In these regions, kinetic processes not
captured by fluid models involving microscopic structures and non-
Maxwellian particle distributions are expected to critically influence
the ion acceleration.

In this Letter, we model ion acceleration in laser-driven tin
plasma EUV sources using fully kinetic particle-in-cell (PIC) simula-
tions, including realistic laser absorption and thermal conduction. We
first describe the numerical details of the simulations and show the
overall agreement for single-fluid quantities when compared to analo-
gous RALEF-2D simulations. We then analyze two-temperature effects
and find that the timescale of thermal equilibration through electron-
ion collisions is comparable to the laser pulse duration. A highly colli-
mated flow of energetic ions is produced in the PIC simulations, which
is significantly enhanced over the fluid simulations at the highest ener-
gies. The dominant acceleration mechanism is found to be a large-
scale electric field established by the electron pressure gradient. Finally,
we discuss the implications of these results for developing debris miti-
gation schemes and future modeling of tin plasma EUV sources.

Our simulations are performed using the PIC code PSC,
which models the plasma as particles interacting through self-
consistent electromagnetic fields.”” PIC simulations have previously
been applied in the context of tin plasma EUV sources to study EUV
transmission through an H, buffer gas’” and the confinement of ener-
getic ions by magnetic fields.”*”* However, the full potential of PIC
simulations for first principles modeling of laser-driven tin plasma
EUYV source evolution and resulting ion acceleration has not yet been
explored. In this study, we model the full evolution of a tin target irra-
diated by a 1 um-wavelength Nd:YAG laser while including realistic
laser heating and collisional transport. PSC was previously shown to
model plasma ablation using a heuristic heating operator in agreement
with radiation-hydrodynamic simulations and applied to simulate
laser-driven collisionless shocks.”" We make a significant improve-
ment over the previously employed model by using a laser ray tracing
inverse bremsstrahlung heating operator’® to calculate the laser
absorption based on the local plasma conditions.”” Particle Coulomb
collisionality is included in PSC using a binary Monte Carlo method,”
with the inter- and intra-species collision frequencies scaled such that
the electrical conductivity, thermal conductivity, and ion-electron ther-
mal equilibration times are accurately modeled.”

The simulations are initialized using profiles of density, tempera-
ture, and velocity obtained from one-dimensional RALEF-2D simula-
tions at = 1ns when a smooth profile of ablated plasma has
developed and evolved until ¢+ = 13 ns. To facilitate comparison with
the PIC simulations, which currently do not include radiation trans-
port, the RALEF-2D simulations are run with radiation transport

25-31
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turned off. Both PIC and RALEF-2D use an atypically low laser inten-
sity of I = 8 x 10° Wem ™ to ensure the characteristic temperatures,
and charge states reached remain close to the values obtained with the
optimum intensity for EUV conversion efficiency and radiation trans-
port included (I ~ 2 x 10! Wem2). The laser pulse has a temporal
box-shape and a duration of 10 ns. Due to the difficulty in resolving
the large dynamic range in plasma density with discrete simulation
particles, the PIC simulations limit the solid density region to
Hax = 2 % 1021 em™3.

The PIC simulation domain is restricted to one spatial dimension,
and all three particle momentum components and six electromagnetic
field components are retained. The simulation time step is wpAt
= 0.075, and the resolution of the spatial grid is Ax =0.1¢/ Dpeo
~2 0.83 Apeo. Here, pe0, ¢/ Wpeo, and Apo are the electron plasma fre-
quency, inertial length, and Debye length, respectively, at the charac-
teristic electron density 19 = 10*! cm ™2 (critical electron density for
Nd:YAG laser light) and temperature T,y = 30 eV. An atomic mass of
A =118 and constant ionization state of Z=8 (characteristic of the
ablated flow of the RALEF-2D simulation) are used for the ions, and
the density ny is resolved by 10000 particles-per-cell. A reduced speed
of light ¢y /cpnys = 1/300 and ion to electron mass ratio m;/m,
= 600 are used to reduce computational expense. These commonly
used approximations reduce the ratios of electromagnetic to electro-
static scales and ion to electron kinetic scales but can be expected to
match ion-scale physics properties (such as density, flow, and pressure
profiles) as long as adequate scale separation is maintained.”’

Figure 1 shows a comparison of 12 ns of evolution for fluid quan-
tities obtained at analogous timesteps from PIC and RALEF-2D simu-
lations. At early times, the ion density profiles are in good agreement,
and the laser heating profiles are similar in magnitude and qualitative
shape. Differences in heating profiles are due to the Z dependence of
the inverse bremsstrahlung absorption coefficient, as the PSC simula-
tions assume a constant ionization state of Z = 8, whereas in RALEF-
2D, the ionization is calculated under equilibrium conditions using the
Frankfurt Equation-of-State.”” We have confirmed that the PSC opera-
tor produces heating profiles in agreement with that of RALEF-2D
when similar distributions of density and temperature are employed.
As the plasma expands, the RALEF-2D simulations develop a velocity
profile that increases linearly with increasing distance from the target.
The PIC simulations gradually depart from this profile in the low-
density end, eventually leading to an enhancement of the velocity and
ion number density in this region compared to the RALEF-2D simula-
tions. The slightly farther extension of the RALEF-2D profiles is due to
the larger dynamic range in density captured by the fluid simulation;
however, the PIC simulations still capture the majority of the region of
interest.

Deviations from the single-fluid single-temperature model
obtained from the PIC simulation are shown in Fig. 2. The devia-
tion from quasineutrality [quantified as (Zn; — n.)/Zn;] is plotted
in Fig. 2(a), showing how charge neutrality is maintained to better
than 5% over most of the ablated flow. Farther away from the tar-
get, the electron overdensity increases due to the faster expansion
of hot electrons, with a sharp increase at the leading edge of the
flow. While this suggests the qualitative existence of charge separa-
tion, the precise details may depend on processes on the Debye
scale, which is increased in the simulation due to the use of an arti-
ficial speed of light and mass ratio. The enhancement of the
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FIG. 1. Evolution of (a) ion density, (b) flow velocity, and (c) laser absorption, calcu-
lated from PIC (solid lines) and RALEF-2D (dashed lines). Laser is turned off at
t = 10ns. Line colors correspond to different simulation times in increments of
2ns.

electron temperature over the ion temperature is shown in
Fig. 2(b). While the laser is on, the electron temperature is main-
tained at around 10 — 20% greater than that of the ions in the
region near the target where the laser absorption is the greatest.
Farther away from the target, T./T; increases and reaches values
exceeding 2 near the leading edge of the flow. The enhancement of
the electron temperature is due to the significant timescale for
thermal equilibration between ions and electrons in the low-
density regions. Figure 2(c) shows the evolution of the characteris-
tic temperature equilibration timescale 7., = AE/Q;, where AE
3

=3ni(T, — T;) is the energy change required for equilibration,
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Q= %% (T, — T;) is the rate of ion heating due to collisions with

3/m T
4\/2_1;;«” InAZ2e*
collision time."' 1., is seen to increase with distance from the target
and reach values exceeding 10 ns, on the order of the timescale of
the simulation. While these results strongly suggest the importance
of two-temperature effects in these conditions, it is important to
note that the current simulations do not capture electron radiation
associated with bremsstrahlung or recombination, which could
introduce a significant energy sink.

Figure 2(d) shows the rate of energy transfer to the ions from the
electric field over the spatial domain, while Fig. 2(e) shows the average
rate of energy gain per ion. The majority of the total energy transfer is
seen from (d) to occur near the target, where the plasma is close to the
critical density; however, the average rate of energy gain per ion is seen
from (e) to increase with distance from the target due to the corre-
sponding increase in average velocity. Accurately modeling the low-
density regions of the ablated flows is, therefore, critical for capturing
the evolution of the highest energy ions. The evolution of the spatially
integrated total rate of energy gain of the ions is shown in Fig. 2(f),
remaining steady for ~ 9 ns while the laser is on, followed by a drop to
around 25% of the peak value by the end of the simulation, indicating
the simulation has captured the majority of the ion acceleration. After
the laser is switched off, the ion heating is the result of electron-ion
temperature relaxation as well as electric fields from residual electron
pressure gradients, which can become negative at late times near the
target as this region begins to deplete due to its artificially limited
density.

Phase-space plots for the velocity and position components along
the z direction (i.e., the laser axis) are shown for three different times
in Fig. 3, calculated for all of the ions and electrons in the PIC simula-
tion. The electron temperature initially increases due to the energy
gained from laser absorption through inverse bremsstrahlung, leading
to an expansion that allows the electrons to transfer energy and
momentum to the ions both directly through Coulomb collisions and
indirectly through large-scale electric fields. The ion bulk flow velocity
increases during this expansion, and the fast escaping ions cool and
overshoot the characteristically linear velocity profile toward the lead-
ing edge.

Figure 4(a) shows the energy spectrum of accelerated ions for
PIC and RALEF-2D at the final time of laser heating (¢ = 10ns). The
spectra are integrated across the entire domain and normalized such
that they agree at high energies at the start of the PIC simulation. The
high-energy component of the spectrum is significantly enhanced in
the PIC simulation, with the RALEF-2D spectrum falling off much
more steeply. The number of jons at ~ 10 keV in the PIC simulation is
enhanced by over two orders of magnitude compared to RALEF-2D.
The PIC spectrum is comparable to that obtained for self-similar
plasma expansion into vacuum with Z=8 and T, = 30 eV (character-
istic of the simulated electron temperature), plotted for reference as the
dashed line."” The PIC simulations are a significant advancement over
this previous analytical model by capturing the ion acceleration from
self-consistent electromagnetic fields while including laser heating and
Coulomb collisions. We note that at later times, the RALEF-2D spec-
trum shows a substantial increase in the number of fast-moving ions
as can be seen in Fig. 4(a) for the RALEF-2D spectrum at t = 60 ns.
Some possible reasons for the differences between PIC and RALEF-2D

electrons, and 7, = is the characteristic electron-ion
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FIG. 2. Evolution of (a) deviation from charge neutrality, (b) electron temperature enhancement over ion temperature, (c) electron-ion thermal equilibration time <, (d) rate of
energy gain of the ions, J; ,E,, (e) average rate of energy gain per ion, ZieV,;E,, and (f) total rate of ion energy gain integrated over the domain. J,; and V;; are the z compo-

nents of the ion electrical current density and fluid velocity, respectively.

are discussed later, and we plan further investigation to fully under-
stand the differences between the two approaches.

The distribution of pitch angles for the PIC ions [defined as
tan(0) = |p x z|/(p-Z)] is plotted as a function of energy in
Fig. 4(b). A high degree of collimation is seen for the energetic ions,
with a mean pitch angle less than five degrees for energies above
~3keV. Figure 4(c) plots the cumulative work done by the compo-
nents of the electric field parallel and perpendicular to the laser axis for
every ion in the simulation, defined by W) = Zie [ E.v,(t)dt and
W = Zie [(Exvx(t) + Eyvy(¢))dt. The dominant source of energy is
the z component of the electric field, providing maximum energy gains
up to ~8keV, whereas characteristic energy gains from the perpendic-
ular component are < 10eV. The distribution of energy gained from
Coulomb collisions as a function of total energy gain is shown in
Fig. 4(d), and similarly, the change in the z component of momentum
due to collisions as a function of the total change is shown in Fig. 4(e).
Tons can gain or lose energy in collisions with electrons depending on
the magnitude and orientation of the momenta of each particle in each
collisions, with the net cumulative value tending to be positive due to
the faster expansion of the hot electrons. However, the energetic ions
only gain around A¢ < 200eV in energy and Av, < 15km/s as a
result of Coulomb collisions.

The generalized Ohm’s law for an unmagnetized two-fluid
collisional plasma (neglecting viscosity and electron inertia)
expresses the electric field as E = #,J + Ry /n.e — (Vp,)/n.e, where

2
n, =f(2) @% is the Spitzer resistivity, J is the electrical

current density, Ry = —f,(Z)n, VT, is the thermal force, and

pe = n.T, is the electron pressure."" For Z > 1, f;(Z) ~ 0.29 and
£(Z) ~ 1.5."" Figure 4(f) shows a decomposition of the total electric
field into these terms, demonstrating that the dominant source of
the electric field is the electron pressure gradient, with a minor con-
tribution from the thermal force due to the temperature gradient. In
the low-density regions with enhanced T,/T;, the forces from these
electric fields will be significantly larger than those in a single-
temperature model, consistent with the observed enhancements in
the ion flow velocity and energy spectrum.

This study demonstrates the applicability of PIC simulation
for studying ion debris acceleration for comparison with hydrody-
namic simulation and experiments. PIC simulations have the
advantage of treating high-energy ions from first principles, and
the acceleration can be directly understood from the self-
consistent fields of the simulations (Fig. 4). In single-fluid, single-
temperature (radiation) hydrodynamics simulations, such as
RALEF-2D, plasma expansion is driven solely by gradients in the
pressure.’’ Importantly, this approach has been shown to repro-
duce experimentally recorded ion energy distributions from laser-
irradiated tin targets over the majority of the energy range.”**
However, these simulations predict a sharper falloff at high
energies compared to experiments,”’ and the results of this
study suggest that extending to a PIC model may resolve these dis-
agreements. We do not fully understand the reason for differences
between PIC and RALEF-2D simulations at high energies, which
may involve several effects, including physics differences from the
single-temperature approximation or the non-constant ionization
degree of RALEF-2D. It will be valuable to cross-benchmark these

Appl. Phys. Lett. 124, 174101 (2024); doi: 10.1063/5.0200896
Published under an exclusive license by AIP Publishing

124, 174101-4

1+:20:0L ¥20Z AINF L0


pubs.aip.org/aip/apl

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

ions oo electrons
140F . . . . . . — . . : . . .
— 120 (a) 1 B 8 — (b) 0 %
2 10l | - w500} 1 -
~ [3) ~ 10 "
80}k i 103 o 1
g ol i + g 0 ] 100 £
= 0§ =4 ,
r ] o, 107
5* 201 J 100 p‘\l -500 J .
0 t=1.0ns | 3k t=1.0ns 0
20 . . . L L L L 100 ~1000 L L L L L L L 100
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14
. . . — 105 1000 . . . . . . T
| |99) d 105 @®
"n 0t g "’ 500 ( ) ] <@
~ 1 [5) ~ 10* "
E J 103 = S s DB
0 3 i 10
=, 1 0 = =, =
T 2, 0 a
52 J 100 pN —500 | X
t=70ns | Ik =7.0ns 10"
. . . . 10° -1000 . . . . . . . 10°
08 10 12 14 00 02 04 06 08 1.0 12 14
T T T T 1000 T T T T T T T
1 10°
— 1 8 — f &
) ] 2 w500 ( ) - 100 =2
~ 100 .8 = =
E 1 ﬁ S 0 .;I 4 10° ﬁ
=, 1 oo s =S — 102 &
DN J 101 - gN —500 | - . -
t=13.0ns . Ik t=13.0ns 08 3k
=20 1 1 1 I I 1 1 loﬂ —1000 I I I I I I I 100
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14
z [mm] z [mm)]

FIG. 3. Evolution of ions (left) and electrons (right) in v, — z phase-space at three times during the simulation. The electron drift is not visible due to the large thermal velocity,
which is expected to be reduced by a factor of [(m;/me) ./ (m; /me)sim]V 2 ~ 19 from its physical value.
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results against other fluid codes, including those with multi-
temperature models.

Limitations of our current simulations include the neglect of
radiation transport and the use of a constant ionization state.
Extended PIC algorithms including radiation transport*’ and ioni-
zation”®"” have been developed for other scenarios, and the adap-
tation of these methods for EUV sources will be explored in future
work. Finally, we note that kinetic effects such as those investigated
in this study can be expected to be even more significant in CO,
laser-driven EUV sources due to the higher electron quiver velocity
(vq ~ 7) and lower density' as well as shorter wavelength sources
which involve higher temperatures.*®*’ A recent study on optimiz-
ing EUV output in CO, laser-irradiated tin plasmas incorporated a
model to account for the significant effects of non-Maxwellian
electrons on the laser absorption,S() which could be calculated self-
consistently in future PIC simulations.

In conclusion, we have performed fully kinetic PIC simulations of
laser-tin EUV sources to study the physics of ion acceleration. While
the overall evolution of one-dimensional simulations is similar to anal-
ogous hydrodynamic simulations, the significant electron-ion equili-
bration timescale allows substantial deviations from a single-fluid
model to develop. A highly collimated flow of energetic ions is formed,
and the dominant acceleration mechanism is found to be a large-scale
electric field supported mainly by the electron pressure gradient. These
results demonstrate the applicability of PIC simulations for modeling
ion acceleration in laser-tin EUV sources, motivate further studies
with varied laser profiles and externally applied magnetic fields to
explore the influence of tunable system parameters on energetic parti-
cle trajectories, and determine configurations with reduced ion acceler-
ation and controlled debris channeling.
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