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Flow physics and modeling in extreme ultraviolet
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ABSTRACT

The development of high-power extreme ultraviolet (EUV) light sources based on the laser-produced
plasma (LPP) principle is crucial for advanced lithography, enabling the continued scalingiof
semiconductor devices. However, the underlying processes—involving laser-dropletinteraction,
plasma evolution, and debris transport—are governed by complex, multiscale, and“multiphysics
phenomena that pose significant challenges for both simulations and experiments. This review
comprehensively surveys recent advances in the flow physics and modeling 6f LPP-EUV sources,
focusing on three key areas: (1) numerical modeling and simulation of laser-tin droplet interaction,
including laser absorption, radiation transport, equation of states, etc;{2) progress in understanding
droplet dynamics under femtosecond to nanosecond laser pulses; and\(3) the'flow physics of debris
transport and mitigation strategies such as buffer gas jets and magnetie-fields. By integrating insights
from simulations, experiments, and theoretical analyses, this,review.aims to bridge the gap between
fundamental flow physics and applied EUV source engineering, providing a valuable reference for
researchers working toward more efficient and debris-resistant\ EUV light sources.

Keywords: extreme ultraviolet source, laser-produced plasma, laser-droplet interaction, debris
mitigation

INTRODUCTION

Advanced lithography stands as a<{cornerstone
of the semiconductor and integrated circuit in-
dustries, enabling the continuous miniaturization
and performance enhancement,of electronic de-
vices. Among the various,lithographic technolo-
gies, extreme ultraviolet (EUV) lithography has
emerged as the leading"solution for manufactur-
ing sub-10 nm node chips, owing to its ability to
achieve unprecedented resolution using 13.5 nm
wavelength light [112]. The successful deploy-
ment of EUV lithography into high-volume man-
ufacturing represents a landmark achievement in
both\optical engineering and materials science.
A Jcritical subsystem of an EUV lithogra-
phy machine is the light source, requiring high-
power, stable, and spectrally pure EUV radia-
tion. The current industry-standard EUV source
is based on the laser-produced plasma (LPP)
principle [[115]. In LPP, a high-power CO,
laser is used to irradiate micrometer-sized tin
droplets in a low-pressure hydrogen environ-

ment. The laser energy transforms the tin into a
high-temperature plasma, which emits strongly
at 13.5 nm. This EUV light is then collected
by specialized mirrors, spectrally filtered, and
directed into the lithographic scanner for wafer
exposure. However, this process is plagued by
two major challenges: low energy conversion ef-
ficiency (CE) and severe debris contamination.
For instance, ASML’s state-of-the-art Twinscan
EXE:5000E lithography system employs a CO,
drive laser with a power exceeding 40 kW to de-
liver 500 W of usable EUV power at the interme-
diate focus (IF). More critically, the expansion
and cooling of the tin plasma generate significant
debris, including energetic ions, weakly charged
particles, and micro-droplets, which can deposit
onto the collector optics.

The underlying physics of EUV generation
via LPP involves multiple scientific and techni-
cal challenges. First, the process spans extreme
temporal and spatial scales: from laser-droplet
interactions and plasma dynamics (nanoseconds
and micrometers) to debris formation (microsec-
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Figure 1. Schematic illustration of the sequential multiphysics processes in a droplet-based laser-produced-plasma extreme ul-
traviolet (LPP-EUV) source. A falling Sn droplet is first irradiated by a prepulse, which induces ablation, plasma formation, and
recoil-driven target shaping. After a controlled delay, a main pulse interacts with the preformed target, leading to intense plasma
formation, in-band EUV emission, and debris generation. The upstream stage is dominated primarily by radiation hydrodynamics
and material-property modeling, whereas the downstream stage is governed mainly by droplet/debris dynamics and particle-laden
transport in rarefied gas. This figure is partially adapted from Ref. .
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onds to milliseconds, centimeters), and finally to
debris transport and deposition (seconds and me-
ters). This range covers nine orders of magnitude
in time and six in length, posing formidable de-
mands on modeling and simulation. Second, the
problem involves strongly coupled multi-physics
phenomena, including droplet hydrodynamics,
laser-plasma interactions, plasma radiation, non-
equilibrium thermodynamics, and fluid-particle
interactions. Third, experimental observation
and data acquisition are extremely difficult, par-
ticularly during the initial stages of plasma
formation and debris generation, where high-
resolution measurements are lacking, thereby
limiting model validation and refinement.

As the development of LPP-EUV sources has
progressed, several outstanding and highly influ-
ential review articles have been published, com-
prehensively summarizing the physical mech-
anisms of EUV emission. For instance, the
seminal works by O’Sullivan et al. [6]], Ban-
ine et al. [7], and the comprehensive overview
by Versolato [8]] heavily focus on the atomic
physics of highly charged tin ions, non-local
thermodynamic equilibrium (non-LTE) popula-
tion kinetics, EUV spectroscopy, and the opti-
mization of radiation conversion efficiency (CE).
While the atomic and plasma radiation physics
of the main pulse interaction are undeniably the
core of EUV generation, the entire LPP-EUV
process—from target delivery to collector pro-
tection—is fundamentally governed by highly
transient, multiscale fluid dynamics and, mul-
tiphase flow physics. To date, a_comprehen-
sive review exclusively dedicated,to these hy-
drodynamic phenomena and their'eortesponding
computational fluid dynamics modeling strate-
gies has been lacking. This review aims to fill
this critical gap. Theé, unique” positioning and
contribution of this.manuscript lie in its dedi-
cated synthesis“of the flow-physics aspects of
laser-produced-plasma extreme ultraviolet (LPP-
EUV) sources. OQur'scope systematically covers:
(1) themodeling and simulation efforts related to
laser-droplet/interactions, covering key aspects
such as'laser absorption, radiation transport, heat
conduction, and material properties; (2) recent
progress in studying the dynamic response of lig-
uid metal droplets under laser pulses, including
droplet deformation and target shaping strate-
gies; and (3) the flow physics of debris migra-
tion, discussing debris formation mechanisms,
mitigation strategies such as dynamic gas locks,
and numerical and experimental methods for an-
alyzing debris transport in low-pressure environ-
ments. We expect that this review will interest
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both the laser-plasma and multiphase fluid dy-
namics communities, and also stimulate the de-
velopment of novel strategies for high-efficiency,
debris-mitigated EUV light sources.

OVERVIEW OF PHYSICAL PROCESSES AND
SCALES

Droplet-based laser-produced-plasma (LPP)
EUV sources are inherently multiscale and
multiphysics systems, in which laser absorption,
plasma formation, droplet deformation, radia-
tion, and debris transport are tightly coupled,
as illustrated in Fig. [I In a typical source,
a micrometer-sized molten Sn droplet is- first
reshaped by a low-energy prepulse;, which
induces localized ablation and recoil-driven
hydrodynamic response and thereby transforms
the initially spherical droplet“intosan expanded
preformed target. After a controlled delay, a
high-energy main pulse/interacts*with this target
and generates a hot dense tin plasma that emits
in-band EUV radiation ‘within 13.5 nm + 1%.
In parallel, both\ target”expansion and plasma
evolution produce-debris, including ions, neutral
clusters,,and liquid fragments, which must be
mitigated, toypreserve collector lifetime and
source,stability.

In ‘the"prepulse stage, the dominant physics
is ‘the conversion of early plasma loading into
droplet-scale hydrodynamic response. A defin-
ing feature of this stage is the strong separation
of timescales. The relevant hierarchy includes
the plasma-hydrodynamic timescale #y, the lig-
uid acoustic timescale ¢,, the laser-pulse dura-
tion t, the inertial deformation timescale #;, and
the capillary timescale t., which satisfy [8H10]

h <t <tL<t<l. (1)

Here, #, characterizes the early plasma expan-
sion and pressure buildup, #, is the time for an
acoustic disturbance to propagate across the lig-
uid droplet, #. is the laser duration, #; describes
the recoil-driven deformation of the droplet, and
t. is the timescale on which surface tension be-
comes dominant. This ordering refers specifi-
cally to the prepulse-induced plasma loading and
the subsequent droplet hydrodynamic response,
rather than to the entire source cycle. For a
typical nanosecond prepulse with 7 ~ 1078 s
[11]], plasma forms on an ultrafast timescale #, ~
Ro/cs ~ 10719 5 [8], where Ry ~ 10 um is
the initial droplet radius and ¢, ~ 10° ms™!
is the sound speed in the laser-induced plasma
corona. The resulting ablation pressure then
drives droplet acceleration and deformation over
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a much longer inertial timescale, t; ~ Ro/U ~
1076 s, where U is the droplet propulsion veloc-
ity [12/13]], while capillary effects govern later
retraction and breakup on timescales of order
t. ~ 1072 s. In current Sn-droplet sources, the
droplet diameter is typically Dy ~ 25-30 pm, the
injection speed is of order 10> ms~!, and the rep-
etition rate is several 10* Hz [14]. During target
shaping, the lateral size of the expanded target
can reach a few 102 um, whereas the stretched
liquid sheet may thin to several tens of nanome-
ters [815]].

In the main pulse stage, the preformed tar-
get is converted into a hot dense EUV-emitting
plasma. Representative plasma parameters are
an electron temperature 7. ~ 20-40 eV and an
electron density n. ~ 10> m~3, corresponding
to pressure scales of order n.kpTe. ~ 107-108 Pa,
where ky is the Boltzmann constant [8]]. The as-
sociated Debye length Ap, which characterizes
the electrostatic screening length in the plasma,
is of order 10 nm, and the electron plasma fre-
quency wpe, which characterizes the natural os-
cillation frequency of the electron component, is
of order 10! s~1 [8]. These values place the
main pulse interaction in a hot, dense, transient
plasma regime in which laser absorption, radi-
ation transport, ionization kinetics, equation of
state (EOS), and opacity are all essential.

The debris stage differs qualitatively from the
preceding two stages in both scale and physical
regime. Here the relevant species include‘ions;
atoms, clusters, and neutral droplets,.on, frag-
ments produced by target breakup_dnd plasma
expansion. The corresponding Aransport pro-
cess extends from the droplet scale toithe cham-
ber scale and often takes place in a hydrogen
buffer gas of order 102/Pa; fotywhich the gas
mean free path is of -Order 1074 m [3]. Under
such conditions, chamber=scale flow may remain
continuum-like,”whereas micron and submicron
debris particles experience strongly rarefied con-
ditions. This coexistence of continuum-scale gas
flow and particle-scale rarefaction further distin-
guishes the debris stage from the prepulse and
main pulse stages.

Taken together, these large differences in
timescale, thermodynamic state, and degree
of rarefaction make droplet-based LPP-EUV
sources a particularly challenging multiscale
problem, in which physically distinct regimes
must be understood and modeled in a coordi-
nated manner. This is precisely what makes
the field both fundamentally rich and technolog-
ically important.
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MODELING AND SIMULATION OF
LASER-DROPLET INTERACTIONS

Accurate simulation of the LPP-EUV rele-
vant laser-droplet interactions requires advanced
physical models and numerical methods. Simu-
lating such a scenario where lasers interact with
a mid-to-high-charge-state and strongly radiat-
ing plasma has many aspects in common with
multi-physics simulations for inertial confine-
ment fusion (ICF) [[16]]. Precise modelings on
laser-plasma interaction and the radiative prop-
erties of plasmas in non-local-thermodynamic-
equilibrium (non-LTE) states are always chal-
lenging in both LPP-EUV and ICF regimes.
While less intense lasers (I < 10" Wicm?)
used in the LPP-EUV regime appear_to produce
milder laser-plasma environments.than,those in
ICF with laser intensities I ~ 10/ W/cm?, lower
temperatures in fact complicate the atomic kinet-
ics in tin plasmas. Moreover, the hydrodynamic
evolution of tin existing insthe liquid phase for
quite a long period after the prepulse is also a
crucial process to'be included in LPP-EUV mod-
elings, as it is now, well accepted in the commu-
nity that the target preparation using a prepulse is
critical tosboth achieving high CE and reducing
the debris\contamination [8]].

Despite'that the time scales ranging over six
otders of magnitude bring formidable challenges
to anintegrated simulation accurately taking care
of all of the physical processes, the separation of
time scales facilitates analyzing the physics and
developing simulations focused on specific pro-
cesses. Consequently, diverse simulation codes
have made great contributions to LPP-EUV sim-
ulations in different aspects.

One type of codes, such as ATOMIC [17],
Cretin [[18]], Hullac [[19], JATOM [20], MPQEOS
[21]], SEMILLAC [22], SPECT [23|], and THER-
MOS [24], are dedicated to calculating atomic
kinetics and radiative properties of tin plasmas
in LPP-EUYV relevant regimes; these are termed
material-property codes. Another type focuses
on integrated hydrodynamic simulations incor-
porating atomic kinetics data and radiation trans-
port; these radiation-hydrodynamic codes in-
clude HEIGHTS [25], RZLine [26], RALEF
[27], STAR [28]], FLASH [29], and RHDLPP
[30]. For example, the RALEF code has found
extensive application in EUV source modeling
in recent times and a set of representative sim-
ulation results are illustrated in Fig. The
radiation hydrodynamic simulations usually re-
quire the material-property codes provide proper
EOS and radiation parameters. A third category
employs traditional hydrodynamic codes like
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Figure 2. Three simulation results using RALEF-2D code in
terms of density and temperature contours: Eoq = 0.06 mJ
(a, d), 0.2 mJ (b, e), and 30 mJ (c, f), and dioc = 115 um
at t = 15 ns when the laser power peaks, where Eyq is the
energy within the original droplet diameter, and d is the focus
diameter. The black curve is the isocontour of the free electron
density ng = 0.1n¢, = 10%°. Black arrows in (b) and (c) indicate
the velocity field in the outflowing plasma. Reproduced from

Ref. [33].

OpenFOAM and Basilisk [32])/to,simuldte
droplet deformation and fragmentation evelving
in the long-term #; or . scales:

Differences in how the codes model key phys-
ical processes, such as-the radiative properties
of the plasma, EOS;“and\the absorption and
refraction of laserslight;olead to deviations in
their results [34}. “Workshops like the EUV
Light Sources\Code)Comparison [35]], and Non-
LTE Code Comparison have advanced code
benchmarking and physics understanding. The
methodologies for dealing with each key physi-
cal process are briefly summarized below.

Laser absorption

Laser-material interactions in LPP-EUV include
multiple stages that involve distinct physical pro-
cesses. The prepulse first shines on the surface of
the liquid tin and undergoes very high reflection.
The transient high reflection is physically similar
to the “glint” occurring when lasers start shin-
ing on the gold surface of an ICF hohlraum [37],
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thus this early phase when the laser is able to
directly reach and reflect on the liquid tin sur-
face is referred to as the glint regime hereafter.
As the laser energy is deposited, material va-
porization and ionization progressively generate
plasma. The critical density n., formulated as

4me” 1.1 x10%
w%me lflm

cem™3 2)

Ner =

is a key concept for laser plasma interactions,
where wy is the laser frequency, A, is the laser
wavelength in vacuum in the unit of microns, m.
is the electron mass, and e is the charge of“an
electron. A laser with wy is not able to_propa-
gate in a plasma with the electron number den-
sity above n¢;. As a plasma denser than n.forms
in front of the droplet, the lasef is unable to
directly shine on the droplet-surfacé“any more
but has to deposit its energy into.the plasma.
Consequently, the remainderiof the laser pulses
interacts with the generated plasma, leading to
the ablation regime [9]] which essentially covers
the majority ofthe prepulse and the whole main
pulse. An ablation,front formed in the plasma
is a key feature of the ablation regime. Eq. (2)
also demonstrates that a shorter-wavelength laser
is able to reach higher density inside a plasma.
The deeper penetration and also higher absorp-
tion are key reasons why solid-state lasers with
the wavelengths of 1-2 um are being considered
for next-generation drivers [8[38/39].

Modelings on laser absorption are typically
required to supply energy sources in hydrody-
namic simulations. Proper modelings need to de-
scribe not only different absorption rates in the
different regimes, but also the laser propagation
in the fluids.

Glint Regime. Precise modeling on the laser re-
flection/absorption from liquid tin demands data
for optical constants, usually the refraction index
and the extinction coefficient, within the LPP-
EUV relevant temperature range. The very high
reflection from liquid tin is considered to be the
key reason for the low CE in the CO;-laser ex-
periments without prepulse [40]. An important
role the low-intensity prepulse plays is to create
the plasma at low energy losses due to glint [40].
The optical data of liquid tin, which have been
obtained through theoretical calculations using a
quantum approach and consistent with the
experiments, have been implemented in mod-
ern LPP-EUV simulation tools [34]. Following
the generation of tin vapor around the droplet,
the prepulse interacts with the vapor for a short
time before significantly ionizing the vapor into
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a plasma. The laser absorption in vapor can
be well modeled based on the main feature of
collision-induced absorption that has a quadratic
dependence on density [34]. Despite that the
glint regime is a transient phase that occurs at
very low laser intensity and is energetically sub-
dominant compared to the ablation regime right
after the laser intensity rises, the physics close
to or below the ablation threshold is attracting
recent research interest [33l42l43]. Investiga-
tions into the glint regime not only help ad-
vance the understanding of laser-droplet interac-
tion, but may also benefit advanced target prepa-
ration utilizing laser vaporization below the ab-
lation threshold [43]).

Ablation Regime. Laser absorption in a signifi-
cantly ionized plasma is dominated by inverse
Bremsstrahlung (IB), through which the laser
photons are absorbed by the electrons in a
plasma while the electrons then collide with the
ions. Consequently, the laser energy is trans-
ferred into the internal energy of the plasma,
thereby heating the plasma [44]. Generally
speaking, IB is the dominating laser absorption
mechanism from the energetic point of view as
the interactions with liquid or vapor of tin are
expected to be important only within a short pe-
riod of the prepulse when the laser intensity is
very low. That is likely a reason why laser-liquid
or laser-vapor absorption was unconsidered/in
many works [45]]. A commonly used IB Jlaser-
absorption coefficient « is formulated [35/46] as

_ _1 ol
10z
12 12
_900( Ne )( n )(Z)/i,,m InA c —1)
- 1020/ \ 1020 73 /2 e ’
eV 1- Ner
3

where a describes\the fraction of the absorbed
laser intensity per unit distance along its path,
which is convenient to be implemented in a ray-
tracing model that is discussed shortly. n. and
n; are“the number densities of the electrons and
the i0ns, respectively, T,y is the electron temper-
ature in the unit of eV, Z* is the effective charge
state (Z) of the plasma. Differences in laser
absorption among codes usually come from the
specific formulations on the Coulomb logarithm
In A [35]. Moreover, an anomalous IB absorp-
tion reduction due to non-Maxwellian distribu-
tions of the electrons on the laser paths, well-
known as the Langdon effect [47]] in ICF, has
also attracted interest in the LPP-EUV regime.
A 10-20% absorption reduction due to the Lang-
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don effect was theoretically predicted [48]]. Ex-
perimental confirmation of the presence of non-
Maxwellian distributions in EUV-source plas-
mas is therefore desirable.

If the laser pulse duration 7, is larger than
the hydrodynamic time scale #, of the ablation
flow [9] and if the target has adequate mass to
sustain the ablation [49], a quasi-stationary ab-
lation front is formed, where the structure of
the ablation front only slowly varies in time. A
quasi-steady ablation front is a typical feature
with nanosecond laser pulses, as demonstrated
by simulations [45)50l51]] and theory [9]]. Sim-
ulations also demonstrated that low-mass targets
cannot supply enough mass over the entire,pulse,
therefore leading to reductions in in-band emis-
sion (i.e., within 13.5 nm = 1%) power and - CE
[49].

Laser propagation. Ray tracing based on geo-
metric optics is a widely adepted method for
modeling laser propagation in plasma [52]. This
model represents-the incident laser with numer-
ous elementary rays,'each carrying a fraction of
the laser energy-and'depositing it gradually along
its path into the ambient fluid. The attenuation
of each ray isrgoverned by the applicable laser
absorptionymodel, while its trajectory is a char-
acteristic of the eikonal (Hamilton—Jacobi) for-
mulation. Across computational cell interfaces,
the trajectory remains continuous but undergoes
a physically-consistent bending governed by the
Snell’s law. First-order refraction occurs solely
at cell interfaces, while second-order methods
incorporate refraction within cells [52]. Many
codes [29130] utilize second-order algorithms
derived from Kaiser’s “cell-AVG” method [52],
which expresses ray trajectories analytically as
quadratic functions, allowing efficient calcula-
tion of cell entry and exit points. A limitation of
cell-AVG is the iterative procedure required to
find entry/exit points in cylindrical or spherical
grids [29]. Consequently, a rasterization-based
ray-tracing method has been developed [53] to
facilitate curvilinear grids by using a geometry-
independent numerical formulation for ray tra-
jectories and has removed the requirement to
find points on the cell interfaces.

However, the applicability of geometric-
optics-based ray tracing is violated in the vicin-
ity of the critical surface. Ray tracing is not
able to describe diffraction or “field tunneling”
beyond its turning-point density, which directly
leads to resonant absorption [54]], an anomalous
absorption mechanism other than IB. Ray tracing
also typically neglects laser polarization. Conse-
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quently, wave optics approaches are employed,
modeling laser propagation via the Helmholtz
equation. Although this time-independent wave
equation avoids resolving the laser period, it
does require resolving the laser wavelength. This
resolution requirement is usually prohibitively
expensive for full-scale, high-dimensional sim-
ulations. Hybrid approaches have been devel-
oped to take advantage of both approaches: Ge-
ometric optics is used in plasma regions with
electron densities below the critical electron den-
sity, while wave optics is used close to the crit-
ical surface [50]]. It was demonstrated that the
hybrid approach can fairly accurately reproduce
the absorption fraction in both the s- and p-
polarizations on arbitrarily steep density gradi-
ents [50], and can be efficiently employed in
two-dimension (2D) and three-dimension (3D)
simulations.

Heat conduction

Heat conduction of plasmas is mostly modeled
by the Fourier law that the heat flux g is propor-
tional to the negative gradient of the temperature,
i.e.,

gr = —«rVT, “4)

where the heat conduction coefficient k7 is
highly nonlinear to the plasma temperature 7.
g is then incorporated in the energy equation
of the radiation hydrodynamic equations. ‘The
classical Spitzer-Harm (SH) model [55]¢shows
that k7 o T°/? in a plasma, and thus/kr Varies
by orders of magnitude between hot plasma and
liquid tin within the hydrodynamic system. In ra-
diation hydrodynamic simulations, k7 is usually
taken from tabulated data that are generated by a
material-property code,’eig/ THERMOS [24].
The Fourier law in the form of Eq. is of-
ten referred to as the local*heat conduction, i.e.,
the heat flux only~depends on the local hydro-
dynamic status;, However, the temperature gra-
dients can sometimes be sufficiently large that
the assumption of the SH model that the mean
free'path of high-energy heat-carrying electrons
is much smaller than the scale length of the tem-
perature gradient breaks down in such regimes.
In these cases the non-local heat transport should
be considered, which has been well-recognized
in ICF utilizing significantly intenser lasers than
LPP-EUV [56]. An ad hoc heat flux limiter
[57] is often employed to take account of flux
mitigation but it is unable to capture preheat-
ing physics. The nonlocal multigroup diffusion
model known as the SNB model [58]], which bal-
ances physical accuracy and computational effi-
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ciency, has been widely used for non-local heat
conduction in ICF-relevant hydrodynamic simu-
lations [56]]. Effects due to non-local heat trans-
port might become significant in next-generation
LPP-EUV schemes using intenser lasers.

Radiation transport

Radiation transport in complex plasma envi-
ronment is crucial for understanding plasma
evolution and EUV generation. The model-
ing of radiation for LPP-EUV involves two
levels of requirements from different points
of view: (1) Spectroscopically, high-resolution
simulated spectra capturing detailed line.strue-
tures near 13.5 nm are essential for experimen-
tal validation, though this region is dominated
by numerous unresolved transition)arrays [59].
Achieving such accuracy relies onisophisticated
atomic physics and remains inaccessible even
for advanced first-principleswatomic codes [
(progress in semi-empirical methods is beyond
this scope and can‘be found in Ref. [§]). (2) Hy-
drodynamically, ‘coarser'modelings but with the
capability ofideseribing the key radiation effects,
e.g. radiation cooling and energy coupling with
hydrodynamics, are usually adequate. Here, ra-
diation, transport plays a similar role as the heat
transport; but in a nonlocal manner due to large
mean-free-paths of photons. Radiation trans-
port can also be one of the main mechanisms
responsible for the target heating and vaporiza-
tion [9l34]]. Then spectra with finer resolutions
can be produced by post-processing the hydro-
dynamic simulation data [[60]] using a spectro-
scopic code, e.g. FLYCHK [61]], CRETIN [/18]],
and SPECT [23].

Modeling radiation transport in hydrody-
namic codes requires balancing accuracy with
computational efficiency when solving the radi-
ation transport (RT) equation [|62]]:

101,

c ot
where I, (¥, i1, t) is the high-dimensional spectral
intensity, i.e. the energy crossing a unit area at a
given point 7 with a certain frequency v per unit
time per unit frequency and per unit solid angle
in the direction denoted by the unit vector 7. The
coefficients 7, and «, denote the spectral emis-
sivity and opacity that depend on the plasma or
material properties (mostly the electron tempera-
ture and density), respectively. Note that Eq. (3]
neglects scattering effects.

+7i-VI, =1, — k.1, )

Diffusion models. The simplest approximation to
Eq. () is a diffusion model that is valid for op-
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tically thick regimes, i.e. kL > 1, where L is a
characteristic length and « is a typical opacity of
the system. Instead of solving for I,, diffusion
models solve for its angular moments. A diffu-
sion model assuming that the radiation photons
obey the blackbody spectral Planckian distribu-
tion is usually referred to as the gray diffusion
model [|62]. Integration over the frequency and
the solid angle Q converts Eq. (5) into a diffu-
sion equation that solves for the radiation energy
density E, defined as

l (o]
E. = —/ dv/ 1,dQ. (6)
¢ Jo 4n

The gray diffusion model is convenient to be
implemented in hydrodynamic codes [63] and
has also been widely used in LPP-EUV simu-
lations [3060]. An enhancement is the multi-
group diffusion model, which discretizes the fre-
quency domain into energy groups (g = 1,2,3,
...), each characterized by its own radiation en-
ergy density E,. This approach allows moderate
deviations from the Planckian distribution and is
able to provide spectral resolution [64]].

For optically thin and intermediate regimes
(kL £ 1), similar to the flux limiter for heat con-
duction, flux-limited diffusion approaches [64-
60] can provide phenomenological modeling by
modifying diffusion coefficients to restrict the
effective photon speed (lower than the speed of
light). However, results obtained by diffusion
models in these regimes, which do exist in the
low-density corona plasmas of LPP-EUV,ymight
be questionable. Transport models, solvingithe
RT equation (Eq. B for the spectral intensities
rather than the energy-densityformulations (E;
or E,) provide more self-consistent descriptions
on radiation in these regires.

Transport models. One_type’of widely-used de-
terministic methods solve the RT equation along
discrete anglés and\are often referred to as the
Discrete Ordinates/(Sn) methods [62]. A pop-
ular treatment known as the variable Eddington
tensor (VET) scheme uses the quasi-static for-
mal\solution to the RT equation as a closure to
the radiation moment equation to reduce the nu-
merical cost, by decoupling the time-dependent
evolution of radiation hydrodynamics and the
time-independent radiation transport [67]]. How-
ever, efficiently solving the full time-dependent
RT equation in a finite volume approach was
also demonstrated to be practically achievable
in Ref. [68]. A disadvantage of Sn methods is
known as the “ray effect” that sometimes pro-
duces non-physical streaks in solutions. [62] An-
other type of method is based on a Monte Carlo
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(MC) solution methodology. In particular, a pop-
ular method known as the implicit MC [69] has
been widely used in many fields including as-
trophysics and ICF. Novel schemes have also
been developed to reduce the noise and compu-
tational cost of MC methods in different regimes
in recent years [70/71]. Both Sy [49] and MC
methods [34] are employed in LPP-EUV sim-
ulations. Special weight factors have been de-
veloped to enhance the accuracy and speed of
the calculations for MC in the special LPP-EUV
regime [|34].

Material properties: Equations of state
(EOS) and radiation properties

The fidelity of all radiation modeling approaches
discussed above relies on the quality ofjatomic
physics data such as tabulatedopacity and emis-
sion coefficients. Uncertainties in material prop-
erties, including these radiation-coefficients and
the EOS for tin plasmas and droplets, complicate
simulations as well. Tin\eXists in various states
of plasmas and liquid,.which have distinct den-
sities and temperatures. These complex behav-
iors are rather difficult to capture with a universal
EOS, Moreover, in contrast to the LTE regime
whereithe EOS of material is independent of the
radiation"environment, most LPP-EUV plasmas
under conditions of interest in practical applica-
tions are in the non-LTE regime [72]], i.e., in prin-
ciple the plasma properties should be written as
functions of temperature, mass density, and local
spectral radiation energy density, and time.

To address these challenges, the Frankfurt
EOS (FEOS) [73]] has been widely used in LPP-
EUV works [30433l39145/49160], and provides
hydrodynamic codes with reliable EOS data
for a broad range in temperature-density space.
Building upon the well-established QEOS
model [74] and evolving from the MPQeos
code [21]], FEOS incorporates a remarkable fea-
ture: explicit treatment of the liquid-gas phase
transition in the low-temperature regime using
Maxwell’s construction for fully equilibrated
two-phase regions. This approach has proven ef-
fective for modeling phenomena like explosive
boiling induced by ultra-short laser pulses [[75]].

Knowledge of atomic-level population distri-
butions of particles is also the key to quantifying
radiation properties including opacity and emis-
sivity, which are closely related to thermody-
namic parameters such as temperature and den-
sity. Different plasma models, e.g. thermal equi-
librium (TE), LTE, coronal, and collisional ra-
diative (CR), are applicable to different param-
eter regions [61f]. For LPP-EUV hydrodynamic
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simulations, the CR model is often used in the
material-property codes such as THERMOS [24]
and SNOP [76] to prepare the opacity data in tab-
ulated form beforehand in recent works [[39160].
It is important to note, however, that obtaining
reliable opacity data for high-Z elements like tin
is non-trivial due to their inherent sensitivity.

HYDRODYNAMIC RESPONSE OF
LASER-DRIVEN TIN DROPLETS

The previous section focused on the modeling
framework for early-time laser energy deposi-
tion, including thermophysical properties, radi-
ation transport, and plasma evolution. We now
turn to the subsequent droplet-scale response,
which bridges early-time laser-plasma interac-
tion and the later main pulse coupling in droplet-
based LPP-EUV sources. At this stage, the
central issue is no longer the detailed plasma
kinetics themselves, but rather how prepulse-
and short-pulse irradiation reshape the initially
spherical tin droplet into a favorable target for
the main pulse [77]. This hydrodynamic re-
sponse involves target shaping, cavitation, shell
or sheet expansion, fragmentation, and the on-
set of debris generation, and therefore plays a
pivotal role in determining both conversion ef-
ficiency and downstream debris behavior [11]].

Prepulse-controlled target shaping

In droplet-based LPP-EUYV sources, the prepulse
affects CE primarily through target preparation
rather than through direct generation ofithe in-
band EUV-emitting plasma. Jtssfunction is to
reshape the initially spherical, tin droplet into a
preformed target with an’appropriate lateral ex-
tent, thickness distribution;,aspect ratio, and ax-
ial position at the.dnstant\of main pulse arrival.
Because the coupling,of the main pulse depends
sensitively ofi this'\target state, prepulse opti-
mization has become a central route toward im-
proving,CE. At the same time, the same target-
shaping stratégies also influence debris genera-
tion}, so'that CE enhancement and debris mitiga-
tion must be considered in a coupled manner.

A representative experimental configuration
is shown in Fig. a) [[78]. For nanosecond
prepulses, laser ablation on the irradiated side
produces a transient tin plasma, which exerts a
recoil-pressure impulse on the remaining liquid
and drives the droplet into an expanding disk-
like target [[10413[]. After a delay of a few mi-
croseconds, the main pulse is then applied to this
preformed target, as illustrated schematically in
Fig. B[b) [77079]. In this regime, prepulse de-
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sign is essentially a problem of controlled target
shaping.

When picosecond or femtosecond pulses are
employed, the droplets undergo bubble-like ex-
pansion, forming target structures referred to as
“dome” or “cloud” targets [80], as shown in
the bottom row of Fig. B{b). Such volumetri-
cally shaped targets, depicted in Fig. [3[c), have
demonstrated significant potential for achieving
high conversion efficiency [11]], likely owing to
their extended interaction volume. However,
they also introduce additional challenges in de-
bris mitigation, since spallation can generate fast
neutral debris [[81182].

Beyond the conventional single-prepulse cons
figuration, advanced target-shaping -Strategies
have become an active research direction in
both fundamental studies and source optimiza-
tion [[77)83]]. These approaches include partial
vaporization or rarefaction of the preformed tin
target, preheated-plasma formation followed by
laser reheating [15/84185]], as well as double-
and multi-pulse target preparation and tempo-
ral shaping of the prepulse itself [86/87]. Their
shared objectivesis=to tailor the target morphol-
ogy, mass redistribution, and spatial configura-
tion prior, to main pulse irradiation, thereby im-
proving laser—target coupling and potentially in-
¢reasing 'the in-band CE [[77/86]. At the same
time, these strategies often exacerbate cavitation,
spallation, and neutral-debris production, high-
lighting the need for a coupled optimization of
target shaping and debris control [[15/87].

Experimental advances in droplet dynamics

The hydrodynamic response of laser-driven
droplets has been investigated extensively over
the past decade, motivated both by its fundamen-
tal fluid-mechanical richness and by its practi-
cal importance for target shaping in LPP-EUV
sources. Experimental studies have focused in
particular on the roles of pulse duration, laser
wavelength, pulse energy, focal geometry, and
droplet material. Early studies examined the im-
pact of laser pulses on dyed water droplets [[12]],
providing valuable insights for subsequent re-
search on liquid metal droplets [88-90], as il-
lustrated in Fig. @fa). The typical response in-
volves four distinct timescales: (1) energy ab-
sorption leading to plasma formation and local-
ized boiling; (2) material ejection, in which part
of the liquid is projected outward at speeds ex-
ceeding kilometers per second, fragmenting into
numerous tiny droplets, potentially accompanied
by shock wave emission; (3) translation of the
droplet’s center of mass due to ejection recoil;
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Figure 3. Prepulse-controlled target shaping and its implications for conversion efficiency. (a) Top-view schematic of the experimen-
tal setup for laser-pulse impact on a liquid metal droplet. (b) lllustration of the laser-droplet-based EUV source operation pringiple
with a prepulse (PP) followed by a main pulse (MP). (c) The relation between the conversion efficiency and the target state after
prepulse impact. Panel (a) reproduced from Ref. ; (b) reproduced from Ref. ; (c) reproduced from Ref. .

and (4) global-scale droplet deformation.

Some time after irradiation (typically tens
of microseconds for nonmetal droplets), the re-
maining portion of the droplet may deform and
spread into a liquid film or further disintegrate
into smaller droplets, as shown in Fig. ff[a). By
analyzing momentum conservation between the
ejected vapor and the propelled droplet, a linear
relationship was established between the propul-
sion velocity U and the deposited laser energy E.
The subsequent deformation can then be charac-
terized by the Weber number, We = pRoU?/7v,
which compares the kinetic energy associated
with droplet deformation with the surface n-
ergy. This leads to the scaling law,

Rmax - RO - We]/z (7)
Ro ’

where p and y denote the .deénsity, and sur-
face tension of the droplet,,respectively, and
Rmax, Ro are the maximum droplet radius and
initial droplet radius, respectively.

In contrast, under.nanosecond laser impact,
liquid tin droplets exhibit a more characteristic
sequence of laser-driven deformation dynamics,
as shown in Figo[d(b) [13]. First, laser energy
is absotbed near the irradiated surface, leading
to rapid ionization and plasma formation. The
expansionof this plasma generates a recoil pres-
sure (or pressure impulse) on the remaining lig-
uid,> which accelerates the droplet and drives it
to deform into a radially expanding thin sheet.
As the sheet expands, inertia initially domi-
nates, whereas surface tension becomes increas-
ingly important at later times, slowing down and
eventually reversing the expansion. During this
capillary-controlled stage, the liquid sheet de-
velops azimuthal corrugations and rim finger-
ing, which can further lead to ligament forma-
tion, fragment ejection, and breakup into sec-
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ondary droplets. This sequenceq plasma forma-
tion, recoil-driven sheet expansionjcapillary re-
traction, and instability-mediated fragmentation,
constitutes the basic physical picture of nanosec-
ond laser impact on tin.droplets.

Based on a-laser-induced mass ablation
model, momentum conServation, and extensive
experimental. datayKurilovich et al. pro-
posed a semiempirical model for the propulsion
velogity U/ ="(Eq4/7,)%%, where Eq is the de-
posited,laser energy and 7}, is the pulse duration,
and.for the expansion velocity Ry = EJ-’.

Moreover, using a double-prepulse approach,
a cavitation bubble can form due to the propaga-
tion and interaction of pressure waves inside the
droplet [91]]. The formation and growth of this
bubble leads to the generation of a fine droplet
cloud or mist, which may enhance conversion
efficiency but complicates debris mitigation, as
illustrated in Fig. @c). More recently, Xu et al.
[92]] employed opaque dye-doped water droplets
to visualize internal cavitation and splash dy-
namics under tightly focused nanosecond laser
pulses, revealing mechanisms analogous to those
in metallic droplets, as shown in Fig. f(d).

Furthermore, under picosecond laser pulses,
the droplet exhibits cavitation-bubble-like ex-
pansion, as shown in Fig. @[e) [82]. This oc-
curs because the ablation pulse launches a strong
compressive pressure wave from the laser-
irradiated side of the droplet. Since the pressure
loading is applied on a timescale much shorter
than the acoustic transit time across the droplet
[94], the liquid responds in a stress-confined
manner. As the compressive wave propagates
inward, it converges toward the droplet center;
however, the cavitation observed in the interior is
not caused directly by the positive-pressure peak
itself. Rather, the unloading/rarefaction wave
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that follows the compressive pulse is likewise
focused toward the center, where it generates a
sufficiently large tensile stress to rupture the lig-
uid and form an internal cavity or thin shell. Af-
ter passing through the center, the wave reaches
the rear free surface, where reflection converts
the compressive disturbance into an additional
tensile pulse, which can induce rear-side rup-
ture and spallation. The subsequent expansion of
the cavitation-driven shell can then be described
using a Rayleigh—Plesset-type framework [95].
When the laser pulse duration is reduced to fem-
toseconds, the droplet dynamics remain similar
to those under picosecond pulses [93]], as shown

in Fig. B(f).

Numerical simulations of droplet dynamics

Numerical simulations focusing only on droplet
dynamics can employ a pure hydrodynamic
framework decoupled from the laser-plasma in-
teractions and plasma physics. Within this ap-
proach, the droplet is usually modeled as in-
compressible and inviscid, and a simplified ab-
lation pressure mimics the plasma impact [10,
12/96]. Deformation of a droplet impacted by
a laser pulse was simulated using a boundary in-
tegral method coupled with such ablation pres-
sure model [10], and different ablation pressure
profiles were found to drive the droplet into dis-
tinct shapes. To determine the dependence Of
droplet deformation on the duration of the/pres-
sure pulse at constant total momentum, ‘an’an-
alytical acoustic model (assumingS$mall den-
sity fluctuations) was further derived forithe in-
ternal pressure, pressure impulsey, and. velocity
fields [94]. However, a key“discrepancy arises:
experimentally observedctin,sheets in advanced
EUV sources often exhibit,curvature inversion,
which is oppositeto initial theoretical predic-
tions [96]. To“resolve this, simulations suc-
cessfully repfoduced the inversion using an in-
stantaneous pressure impulse modeled by a low-
kurtosis, raised cosine function [96], as shown
in Fig. P\ _Furthermore, fragmentation of an
incompressible droplet was investigated via a
two-fluid approach with a pressure impulse [97]].
The results showed a good agreement with ex-
perimental observations of [[12]] with respect to
the expansion of the liquid sheet and the devel-
opment of a polydisperse cloud of fragments.
Recent studies have further elucidated the flow
patterns and wave propagation mechanisms in-
side a droplet subjected to a picosecond laser
prepulse. Through simulations of compress-
ible two-phase flows, Li et al. [98|] analyzed
the wave structure of compression-expansion-
Page 12 of 24

recompression induced by localized energy de-
position and established a theoretical model un-
der the small perturbation assumption, revealing
the intrinsic link between droplet deformation
and wave propagation.

Although the pressure-impulse modelings
offer computational convenience for studying
droplet dynamics, they face limitations: The
spatial-temporal pressure profiles must be em-
pirically prescribed; moreover, they inherently
neglect the dynamic feedback of droplet defor-
mation and motion on the plasma, which is ex-
pected to continuously modify the in-flight pres-
sure profile applied to the surface. Thereforesthe
development of advanced plasma-liquid model-
ing that can self-consistently handle“both the
laser-plasma physics and the plasmasliquidiinter-
actions is emerging [99] as a critical future‘direc-
tion for simulations of laser-droplet interaction.

FLOW PHYSICS OF.DEBRIS MIGRATION

An inherent challénge associated with the LPP-
EUV light source, is the’unavoidable generation
of debris as“a*byproduct of the laser-plasma in-
teraction. The'debris encompasses a variety of
species, including highly energetic ions, weakly-
charged atoms, and microscopic particles of tin,
all.ejected from the plasma source [[72J100-H103|.

A _thorough understanding of the fundamen-
tal principles governing the movement of debris,
specifically the flow physics within the EUV ves-
sel, is of paramount importance. Since EUV
light of 13.5 nm wavelength can be readily ab-
sorbed by air molecules at normal pressure and
by all other media, the light source vessel needed
to be maintained at low pressure and with the
gas with less absorption rate, such as hydrogen
[L04]]. The knowledge on how debris transport
in relatively low pressure environment is crucial
for the design and optimization of the vessel it-
self, the implementation of effective mitigation
strategies aimed at controlling and removing the
debris, and ultimately for ensuring the long-term
viability of EUV lithography as a robust tech-
nology for high-volume manufacturing of next-
generation semiconductor devices.

In this section, we first discuss the mecha-
nisms of debris formation, followed by an analy-
sis of its key characteristics. We then present var-
ious debris mitigation strategies. As these strate-
gies are closely linked to the underlying flow
physics, we review the numerical approaches
used to investigate debris transport under EUV
vessel conditions. Finally, we describe the cor-
responding experimental techniques for measur-
ing flow behavior in such low-pressure environ-
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Figure 5. lllustration of deriving a velocity field from a specified surface pressure profile on a droplet. (a) Sketch of thedroplet and
laser. (b) Examples of possible initial pressure profile functions on the droplet surface. (c) Radial and axial velocity components on
three sheets obtained from different pressure profile types. Adapted from Ref. [96].

ments.

5.1 Debris formation

The deformation of droplet by prepulse and ex-
pansion and cooling process of high-temperature
tin plasma by main pulse generates a consider-
able amount of debris [[75/81].

The first route of forming debris is from the
irradiated plasma: Initially, the plasma is quasi-
neutral, with equal densities of positive ions
(Sn™*) and free electrons [105]. The expansion
is driven by the pressure gradient from the ‘het,
dense plasma core to the cooler, low-density am-
bient. The expansion velocity is supersonic with
the lighter electrons move faster than the ions.
As the plasma expands and cools, ‘electron-ion
recombination takes place and thus reduces the
charge state of Sn ions [106]. “After the cooling
down of plasma, there “are/several types of de-
bris forms: First, the charged debris as the con-
sequence of the partially recombined ions. Sec-
ond, Sn atoms combine together and condensa-
tion takes place, which forms the particular de-
bris. Note that the first type of debris involving
high energeti¢ ions is destructive. When these
fast\ions impact the EUV collector, they lead to
severe atomic sputtering, surface etching, etc. It
irreversibly degrades the surface roughness and
drastically reduces the in-band EUV reflectiv-
ity [107H110].

The second route of forming debris is from
the prepulse process. With the prepulse laser
impact on tin droplets, the droplet deforms into
sheet-like where there could be substantial lig-
uid away from the laser interaction zone, giv-
ing a significant source of neutral debris from
sheet fragmentation [5]. As shown in Fig. |§ka),
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the expanding liquid sheet/can be divided into
five parts based on their-distance/from the cen-
ter of the drop: centerumass, sheet, rim, liga-
ments and fragments [78]"Using optical mea-
surement techniques, (e.g., transmission signals
[111]]) and fluid dynamics analysis (e.g., Taylor-
Culick theory“|112]), the researchers have quan-
tified the, velume fraction changes in each re-
gionjas depicted in Fig. [6(b). Furthermore, by
studying,the number of fragments, their forma-
tion time, and the rate of increase (Fig. [6](c)), the
mechanism of ligament fragmentation can be in-
ferred. This mechanism aligns with the theoret-
ical framework of linear instability coupled with
adjustment of nonlinear rim thickness in unsta-
ble ligament fragmentation [113].

5.2 Debris characteristics

It is important to understand characteristics of
the debris in a way to mitigate debris, for exam-
ple, the composition, density, velocity distribu-
tion of these tin debris, and also importantly the
charge state.

The research group from University of Illi-
nois at Urbana-Champaign (UIUC) have con-
structed a series of setup for debris characteri-
zation in EUV lithography environment. The so-
called Illinois Calibrated Spherical Sector Elec-
trostatic Energy Analyzer have been constructed
to provide absolute measurements of ion de-
bris flux. The analyzer further allows identifi-
cation of individual ion species through energy-
to-charge ratio discrimination [[114]. The UTUC
group has further integrated multiple compo-
nents—including a Faraday cup, residual gas an-
alyzer, microchannel plates, dual quartz crys-
tal microbalances, and witness plates—to enable

920z 1snbny g uo 1sanb Aq 2020698/86Z0eMU/ISU/SE0L 0L /IOP/3]01B-90UBAPE/ISU/WOD dNO OIWSPEI. WOl POPEOJUMOQ



Natl Sci Rev, Year, Vol. XX, output

(@)  200um 200 ym

Ligaments, V, \ /

° ! Center mass,

"y Rim, V,
: \ L --‘\‘_'.
Sheet, V, | o
- 7
7
8 P
R . \ | °

. o
Vet
{3

i
VIV,
V,+V,

3 02} >

- 0.0
Center mass

Rim Ligament Fragments

020 210 220 579
r(um)

Dy (bm)/E, (mJ)
400 - O 677 @ 67/15 - 67/20
-O- 4310 -B-43/25 !
-0-39/10 -@-39/40

00| 34/10

Sy
ol

800 F

. \
2000 4000
Wey,

Figure 6. (a) The typical regions of the expanding liquid metal thin film based on their distance from the mass center. (b) The
cumulative volume fraction of liquid metal within different typical region. (c) Fragmentsnumber at the rim region as a function of
non-dimensional time. (d) Onset time of fragmentation and the rate of increase 'of thesfragment number as a function of the Weber

number. Adapted from Ref. [78].

comprehensive quantitative and qualitative anal-
ysis of undesired flux [[115].

The velocity of debris differs significantly
between ions and droplets. In particular,/en:
ergetic ions can reach velocities onithe order
of tens of kilometers per secondA77,116-119],
whereas droplets typically exhibit much lower
velocities [93!120]. The velocity distribtion of
the droplet debris has be¢n experimentally char-
acterized for tin droplet irradiated using femto-
and picosecond prepulse [93]]. Such debris emis-
sion is found to be anisotropic, with the strongest
ejection occutring along the laser beam direction
(up to 300 m/s), while significantly lower veloci-
ties (around 100 m/s) are observed in the perpen-
dicular and opposite directions. There is recent
work from Deng group [120] using varying laser
power. irradiating on gallium-indium-tin liquid
film: They show that velocities of droplet debris
range from 329 m/s to 4211 m/s.

Ton debris from laser-produced mass-limited
tin plasmas has been experimentally character-
ized for EUV lithography applications. The
study examines scaling laws for optimizing tar-
get mass to reduce contamination of the first
EUV collection mirror. Measurements show that
the ion energy spectrum aligns well with pre-
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dictions from the isothermal expansion model
[[121]. Recent studies on the expansion of laser-
produced plasmas have shown that the electrons
often follow a non-equilibrium kappa distribu-
tion rather than a Maxwell-Boltzmann one, and
that ion cooling is slower than predicted by the
adiabatic law [122]. These non-equilibrium ther-
modynamic behaviors, which affect ion accel-
eration and the resultant debris spectrum, must
be considered for a comprehensive understand-
ing of the LPP-EUV source lifecycle.

Regarding the charge state of ions, the work
by Sheil et al. [[123]] has shown that there ex-
ists a scaling relationship between the average
charge state and the kinetic energy of the ions,
suggesting that complete recombination to neu-
tral atoms is practically unattainable in such the
highly transient condition where there persists
some low-charge-state ions (such as Sn'*, Sn?*).
Besides, the charge state of ions can be further
reduced when tin ions collide with H, buffer
gas. The seminal experimental and theoretical
studies by the Hoekstra group [124}125] have
provided detailed state-selective electron capture
cross sections for highly charged tin ions collid-
ing with molecular hydrogen.

920z 1snbny g uo 1sanb Aq 2020698/86Z0eMU/ISU/SE0L 0L /IOP/3]01B-90UBAPE/ISU/WOD dNO OIWSPEI. WOl POPEOJUMOQ



Natl Sci Rev, Year, Vol. XX, output

5.3 Flow driven debris mitigation strategies

A direct mitigation strategy is the use of mass-
limited droplet targets [[126]. In addition, al-
ternative approaches rely on the incorporation
of auxiliary components, such as electric field
[[127]], magnetic deflection [[104], foil trap [[128]],
hydrogen buffer gas, chemical reactions [129]
or the hybrid methods like combining magnetic
deflection with buffer gas [130]. Table [I] pro-
vides the overview of major mitigation strate-
gies. Here, we primarily focus on hydrogen
buffer gas approaches, as they are closely related
to flow dynamics.

A promising strategy for debris mitigation in-
volves employing a hydrogen buffer gas [72],
where supersonic gas flow establishes a Dy-
namic Gas Lock (DGL), facilitated by multiple
and sometimes colliding gas inlets (see Fig. [7).
Note that the use of a DGL is the mitigation
approach currently adopted by ASML [2]]. A
couple of studies on DGL mechanisms high-
light their effectiveness in reducing contamina-
tion and changing the properties of tin debris in
EUV lithography systems. As mentioned be-
fore, the buffer H, gas can decrease the charge
state of tin ions during microscopic atomic col-
lision [124/125]]. Actually, Ruzic group from
UIUC [131]] and Abramenko et al. with the col-
laboration with ASML [[132]] have performed the
stopping cross-sectional measurement. It pro-
vides Hj stopping cross-section for Sn ionsiin
the wide energy range. In the meantime,. the
macroscopic stopping power and mitigation ef*
ficacy of the Hj buffer gas have been extensively
quantified. The macroscopic mitigation efficacy
of the H, buffer gas has been/extensively quan-
tified through experimental.campaigns by Ruzic
and co-workers [133-135]], which measured the
energy dissipation of tin.debris. In addition, Sun
et al. [136] provideda‘theoretical analysis of the
suppression ratio, elucidating how DGL parame-
ters influence debrisimitigation. Hao ef al. [137]]
demonstrated practical implementation of DGL
in cleanteoms, showing significant reductions in
contamination levels.

The key component in DGL is the colliding
jet, where from experimental point of view the
complex DGL problem can be simplified into
jet flow injecting into the low pressure environ-
ment (as depicted in Fig. [7). During the colli-
sion of the two jets, there is intense energy and
momentum exchange, making this flow behavior
highly valuable for applications in the lithogra-
phy chamber [8]]. Therefore, understanding the
evolution of the buffer gas colliding jet structure,
analyzing factors influencing this jet behavior,
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and revealing its mechanisms of heat and parti-
cle transport is important. As early as 1996, Ku-
biak et al. [[140]] designed a method for introduc-
ing a supersonic buffer gas into the EUV light
source chamber to prevent deposition of metal
target debris on the mirror surface. Compared
to setups without the buffer gas, they found that
the buffer gas increased the mirror’s lifespan by
105 times. Harilal et al. [[104] used hydrogen,
helium, and argon gases in the chamber to ef-
fectively clear tin debris and explored the use of
external magnetic fields to slow down tin plasma
propagation. Their results indicated that com-
bining buffer gas with a magnetic field signifi-
cantly reduced tin debris contamination without
exceeding the EUV gas absorption limits. Wu et
al. [141]] applied visualization imaging systems
and optical emission spectroscopy) to quantify
the mitigation capacity of hydrogen, helium, and
argon buffer gases on laser{produced tin plasma
plumes, discovering that at ‘specific pressures,
argon was more effective than hydrogen or he-
lium in slowing high-energy tin ions. Sun et
al. [[142] studied\the'movement of tin debris in
a light sourcée=chamber with argon and helium
buffer gases and examined the effective range of
different ‘buffer gas pressures on tin ion debris
mitigation},In recent experimental study, Chen et
alw[143]"examine the subsonic pipe jet expand-
ing.into near vacuum ambient which minics the
light vessel environment. Their study examines
how inlet flow rate, ambient pressure, and jet di-
ameter influence the jet’s centerline velocity.

5.4 Numerical approaches on assessing
mitigation efficiency

To evaluate the effectiveness of these mitigation
approaches, it is essential to develop a numeri-
cal method capable of capturing debris transport
within a multiphysics environment. For exam-
ple, Meng et al. [3]] used numerical simulation
for studying the transport of debris in EUV ves-
sels under the assumption that the debris is di-
lute and small-sized. Liu et al. [[144] examined
numerically how debris particles transport and
deposit mechanisms with multiphase explosion
coupling with buffer gas stream.

In the case of EUV laser-induced plasma, de-
bris particles and droplets are transported within
a low-pressure hydrogen environment (imple-
menting buffer gas with pressure of about 100 Pa
[24145]]). The flow is compressible and features
shock waves generated by both the supersonic
buffer gas and the expanding hot plasma core. To
model the motion of charged debris under these
conditions of low pressure and high flow veloc-
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Table 1. Comparative analysis of primary debris mitigation strategies in LPP-EUV sources, evaluating their effective-
ness, impact on EUV transmission, and operational complexity.

Mitigation Strategy  Typical Reduction Impact on EUV Operational

Efficiency Transmission Complexity &
Limitations

Dynamic Gas Lock Efficient for ions, Absorb weakly for Requires complex gas

(H, Buffer Gas) weakly charged small molecular flow control, large
particle and tiny weight, e.g. Hy gas. pumping capacity, and
droplets (via Also depending on management of
collisional) flow rate of H, buffer  thermal loads

gas transferred to the gas.

Magnetic Fields Very efficient for fast ~ Fields do not absorb or Requires strong;, stable
ions deflected from the block EUV photons electromagnetic
collector optical path; systems

Ineffective for
weakly-charged
particles and droplets

Foil Traps (Physical Efficient for particles ~ Severe due to direct Risk/of thermal
Shields) and tiny droplet obstruction of the damage or sputtering,
optical path, except generating secondary
with dedicated design  debris; often requires
active cooling.

(@)

Droplet
generator

() 2

Scanner

Source

Intermediate
focus (IF)

EUV sensors @@ <,
“% Laser / droplet

targeting

cameras

Ellipsoidal
collector

Turning mirror
Primary focus,
plasma

Focusing lens

Droplet
catcher

Figure 7. EUV light vessel consist of injection of buffer gas into the vacuum chamber. (a) the complicated components in EUV light
vessel; (b) the simplified diagram showing the internal flow setup which involved the multiple inlets and outlets. The complicated flow
problem can be simplified into several interacting jet flows in low pressure environment and their interaction with the debris. Panel
(a) adapted from Ref. [138]; (b) adapted from Ref. [139].
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ity, a common approach is the Euler-Lagrangian
approach, where the flow is simulated via Eu-
lerian way and the motion of debris is via the
Lagrangian way by treating the debris as point
particle. Note that this approach inherently ne-
glects the early-stage of debris formation where
particle—particle interactions and the finite-size
effect may be significant [[146]. In community
of multiphase in fluid mechanics, the motion of
particle can be well-described by Tsai-Maxey-
Riley equation. It is originally derived by Gatig-
nol, Tsai, Maxey, and Riley, describes the mo-
tion of small, rigid, spherical particles in a fluid.
However, its application to debris transport in
EUYV plasma requires extensions to account for
shock-driven high-speed flows, compressibility,
rarefaction effects, and magnetic forces acting
on charged particles.

The equation of motion for a small spherical
particle in an incompressible flow considers the
terms regarding fluid acceleration, Stokes drag
Fp, buoyancy Fp, added mass Fpqg and Basset
history force Fpasset. For EUV debris, the tradi-
tional treatment is inadequate due to the condi-
tions of high flow speed, strong effect of rarefac-
tion, compressibility and the existence of mag-
netic force. For such the problem, there are two
relevant parameters: particle Knudsen number
Kn, (mean free path of background molecules
over characteristic diameter of the debris parti-
cle) which quantities the degree of rarefaction
from the perspective of the debris particle; and
the particle Mach number Ma,, (speed of the’de-
bris particle over the speed of sound)‘whichide-
fines degree of compressibility. Itds noteworthy
that although the Knudsen numberdefined by the
system size is small at 100 Pa‘environment, how-
ever, the particle Knudsen number as defined by
the particle size is large. It means that the rar-
efied effect can not.be neglected at the scale of
the particle.

In the condition of EUV vessel, Kn;, and Ma,
might be sufficiently large such that corrections
are needed for the force terms in particle equa-
tion of motion. Parmar ez al. [[147]] suggested a
generalized drag force and compressibility cor-
rections in the case of high-speed shock flows
in*rarefied environement. First, there are cor-
rections for history force and added mass terms
because of the compressibility effect. The Bas-
set history force accounts for the effect of past
particle acceleration on its current motion. For
compressible high-speed flow, the history force
is modified due to shock interactions and rarefied
effects. For details of corrections for F,qq and
Fgasset, We refer the reader to recent review on
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particle in high speed flow [148]].

Moreover, it is important to note that the clas-
sical Stokes drag is no longer applicable in this
regime and must be replaced by a non-Stokesian
drag model, where the drag coefficient Cp de-
pends intricately on both the particle Mach num-
ber Ma,, and the Knudsen number Kn,,. The sem-
inal work by Loth et al. [149] provides a com-
prehensive summary of how compressibility and
rarefaction effects alter Cp for a spherical parti-
cle.

Finally, regarding the background flow un-
der low pressure, one might need to consider the
chamber Knudsen number Kn, (defined by«the
mean free path over the chamber size). There are
basically four regimes depending on Kn, which
are continuum regime, slip regime,\transition
regime, and free molecular regime. For the main
chamber, considering a characteristic length of
1 m and hydrogen buffer gas at a working pres-
sure of 100 Pa, the Knudsen number Kn. is less
than 1073 3], indicating that the flow is well
within the contindum regime and can be mod-
eled using the Navier=Stokes equations. How-
ever, for components with small dimensions,
such as the nozzle, the relevant length scale is
reduced significantly, and one must account for
rarefied flow conditions using approaches like
Direct simulation Monte Carlo, unified stoches-
tic'particle, Grad’s 13 moment equation, discrete
unified gas kinetic scheme, general synthetic it-
erative scheme or some hybrid approaches, etc
[150H156].

5.5 Experimental technique on measuring
flow at low pressure environment

To conduct comprehensive study on how the jet
and debris behave in low pressure environment,
it is essential to develop the flow measurement
under such condition. Debris in EUV lithog-
raphy is mitigated by buffer-gas jets in near-
vacuum vessels at ambient pressures of tens of
pascals. Quantitative measurements of the jet
flow under these conditions are difficult and re-
main scarce. In a recent study spanning back
pressures from 3000 Pa to atmospheric levels
(101325 Pa), Song et al. [[157] used infrared
molecular tagging velocimetry (IR MTV) to ex-
amine CO,/N, microjets (see Fig. [§(a)). They
observed that as the pressure decreases, the ini-
tially uniform “top-hat” velocity profile gradu-
ally transitions to a symmetric Gaussian-like dis-
tribution, accompanied by a centerline velocity
that exceeds the mean exit velocity, as shown
in Fig. [§(b). At lower pressure levels, Huff-
man and Elliott [158] investigated supersonic,
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(c,d) particle tracking velocimetry. (b,d) show the radial distribution of axial velocity of the/gas jet. Panel (b) adapted from Ref. ;
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rarefied, axisymmetric jets using particle im-
age velocimetry (PIV) and molecular tagging ve-
locimetry (MTV) at pressures of 500—1000 Pa.
They found that tracers of 100 nm and 1.0 ym
could both recover mean velocities with errors,of
less than 5% and 15%, respectively, and that PTV
could successfully resolve shock positions. Park
etal. extended the PIV and MTV. measure-
ments to 133 Pa, identifying a supersonic lami-
nar regime featuring a single-barrel shock in the
near field and, downstream.of the Mach disk, a
long annular viscous layer that\sustains an ex-
tended potential core.Most recently, Chen et al.
introduced a dedicated near-vacuum facil-
ity in which the j€t experiments can be conducted
at an ambient(pressure’of 13.9 Pa and flow rates
as low as 0.28,SLPM (see Fig. [§(c,d)). By
employing particle tracking velocimetry (PTV),
they revealed/an extended potential core and per-
sistent*“top-hat” velocity profiles, which are con-
sistent with the supersonic laminar regime ob-
served by Park et al. [159], despite the ambient
pressure being one order of magnitude lower.

CONCLUSIONS AND PERSPECTIVES

In this review, we summarize the key flow
physics involved in the prepulse, main pulse,
and debris transport/mitigation stages of LPP-
EUYV sources. The laser—plasma interaction, tin
droplet dynamics, and debris transport under rar-
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efied conditions play critical roles in addressing
the two major challenges in EUV lithography:
conversion efficiency and debris contamination.
This field continues to grow rapidly, represent-
ing ‘an exciting and emerging area within fluid
mechanics.

Over the past decades, ASML NXE series for
LPP-EUV lithography has achieved significant
power increase from 10 W in 2010 (NXE:3100)
to 300 W in 2024 (NXE:3800E) while simul-
taneously improving conversion efficiency and
debris mitigation. These advances have been
tightly connected to progress in fluid mechan-
ics: precise tin droplet shaping through long
prepulses, optimized plasma—droplet interaction,
and high-speed hydrogen flow control for de-
bris suppression. Milestone implementations in-
clude the introduction of prepulse technology in
NXE:3300B, MOPA-assisted droplet deforma-
tion for higher CE, and continuous refinement
of dynamic gas lock systems. In future, ASML
and partners are actively developing a three-
pulse strategy—droplet breakup, sheet expan-
sion, and final plasma generation—to push CE
and support future 1 kW-class EUV power sys-
tems. Many gaps needed to be filled in the future
generation of EUV lithography system, where
the outlook for the key flow physics regarding
the improvement of conversion efficiency and
debris mitigation in the future are summarized
below:
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* Motivated by the potential for deeper pen-
etration of shorter-wavelength lasers into
plasma and consequently higher energy de-
position in the target, solid-state lasers (e.g.,
Nd:YAG) are being explored as candidates for
next-generation devices, particularly as pre-
pulses [8I39/40]]. Detailed numerical stud-
ies have examined wavelengths ranging from
1 pm - 10 pum [3839]]. These studies demon-
strated a strong dependence of laser absorptiv-
ity and conversion efficiency (CE) on wave-
length [39]. Specifically, increasing the pulse
duration of a 2 ym laser was found to enhance
CE [38]], and simulations further showed that a
2 um laser yields higher CE than a 1 um when
irradiating a solid planar tin target [60].

* Next generation of LPP-EUV lithography
adopts three-pulse strategy. It is a future
trend to examine how multiple prepulse be-
ing arranged for optimized plasma-droplet
interaction. In this problem, simulations
are ideally suited for optimizing performance
through laser pulse shaping (e.g., multi-pulse
sequences) and droplet size adjustments [39].

* The development of synchronized measure-
ment systems combining laser spectroscopy
and radiation imaging for Sn plasmas rep-
resents a critical direction for future exper-
imental diagnostics [8.1574160]. Such inte-
grated systems can simultaneously capture the
spectral signatures of plasma species and the
spatial-temporal evolution of droplet defor-
mation, enabling direct correlation, between
plasma conditions (electron density; tempera-
ture, and ionization states) andhydrodynamic
responses. This approach-will provide un-
precedented insights into“the energy transfer
mechanisms from lasér to plasma and sub-
sequently to the droplet, particularly during
the critical nanesecond-to-microsecond tran-
sitions where“plasma expansion and droplet
deformation are strongly coupled.

* The prevailing.numerical studies on debris
transport often rely on point-particle assump-
tion. Hewever, during the early stage of de-
brisformation, dense matter has to be consid-
ered instead of dilute and small-sized debris.
In high-speed, rarefied flows, non-continuum
effects and finite particle size can drastically
alter drag and heating. Furthermore, when de-
bris is charged and subject to electromagnetic
fields, its behavior becomes coupled to the
plasma, moving beyond simple Lagrangian
tracking. Therefore, the future of accurate
simulation lies in developing hybrid or fully
coupled methods that can transcend the point-
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particle approximation, directly resolving the
intricate, two-way interactions between the
debris and the extreme multiphysics environ-
ment it inhabits.

* To overcome the computational cost and spa-
tiotemporal challenges of multiscale multi-
physics coupling, future strategies may in-
tegrate Al with fluid dynamics and plasma
physics (“Al for Science”). Traditional ap-
proaches are often limited by disparate time-
step constraints. Emerging data-driven meth-
ods, such as Physics-Informed Neural Net-
works (PINNs) and operator learning (e.g.,
DeepONets), offer a promising solution{by
replacing expensive PDE solves with" pre-
trained surrogate models [[161]. Trained on
high-fidelity simulations, these ‘meodels, can
rapidly predict complex multiphysicsybehav-
ior, including EOS, radiation transport prop-
erties.
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