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ABSTRACT

Experimentally generated and simulated soft x-ray plasma images and spectra from 1064 nm-driven laser-produced plasmas from slab tin are pre-
sented. Produced are small, micrometer-scale emission volumes with principle imaged emission lying between 1.2 and 2.5 nm. Experimental images
of the soft x-ray emission of these plasmas are generated using a pinhole imaging system, which enables spatial characterization of the plasmas, and
a simple transmission grating spectrometer with a 100 nm pitch grating is used to facilitate the spectral characterization of these plasmas. Plasmas
are simulated under similar experimental conditions to those used with the single-fluid, single-temperature radiation-hydrodynamics code RALEF-
2D. Coupling the simulation output with optical modeling methods demonstrates its promise as a capability for modeling the spatial and spectral

behavior of soft x-ray-emitting tin plasmas at such scales and laser energies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190309

High-temperature plasmas containing multiply ionized ions,
such as those created by intense laser irradiation of solid, liquid, and
gaseous targets, are powerful sources of short-wavelength radia-
tion.' ” Their compact nature coupled with the relative ease with
which the emission wavelength and intensity can be tuned (realized
by a judicious choice of laser wavelength, pulse length, energy, focus-
ing properties, and target material) justifies their deployment in
numerous scientific and industrial disciplines requiring short-
wavelength radiation.”” The most extensively studied, highest aver-
age power laser plasma short-wavelength light source are extreme
ultraviolet (EUV) emitting tin plasmas adapted for semiconductor
manufacturing.”” The 13.5 = 0.135nm optimized radiation gener-
ated in such plasmas is used to print nanometer-scale patterns on
silicon wafers in current industry-leading nanolithography foun-
dries. Spectral characterization of such tin plasmas at and below™’
13.5 nm provides fundamental insights into their radiative behavior,

which can fuel source optimization for industrial applications.
Related to this, the analysis of nanometer-scale defects on wafers can
also utilize short wavelength plasma emission, and the research,
development, and testing of these sources is ongoing'’ "> and bene-
fits from continued spectroscopic studies of laser-produced plasma
(LPP) soft x-ray radiation (SXR) sources.'” '

Laser-driven SXR sources have also been employed as light sour-
ces for water window (2.28-4.37 nm) soft x-ray tomography.'” ' For
example, laser-driven SXR generating molybdenum plasmas have been
used to image biological cells at resolution comparable to those
recorded using synchrotron radiation,”* operating at a fraction of the
cost of such large-scale facilities. Many applications mentioned above
have etendue-limiting bottlenecks, such as required illumination
coherence/magnification/detector size limits, or monochromator input
slit size/acceptance angle limits. In these low-etendue applications,
there is often an inverse quadratic coupling efficiency relationship with
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the plasma emission diameter. The challenge, therefore, lies in maxi-
mizing the radiance of these sources, i.e., the ratio of SXR flux to the
emitting area. Driving larger photon fluxes from lengthscales plasmas
requires a detailed understanding of plasma formation, evolution, and
radiative behavior on short lengthscales. This can be realized by cou-
pling well-characterized spatial and spectral measurements of such
tiny soft x-ray plasmas with their detailed simulation.

The goal of this paper is to characterize, using detailed experi-
mental measurements and radiation-hydrodynamic (RHD) simula-
tions, the radiative properties of small-scale laser plasmas relevant to
the aforementioned applications. The utility here lies in the compari-
son of spatial imaging and spectral characterization of the experimen-
tally recorded soft x-ray emission with the predictions of RHD
simulations at small scale. Studies involving modeling soft x-ray
plasma emission”’ have been performed, but at larger spatial scales
and higher laser power densities. From experimental and simulation
avenues, we report the following: (i) the existence of an intense emis-
sion feature at 1.8 nm, with moderate emission also present at 1.5nm
and at 2.4 nmy; (ii) ion stages from Sn*** to Sn?*" are the dominant
contributors across all laser pulse energies leading to similar spectral
profiles; and (iii) the adequacy of a RHD code for simulating soft
x-ray-emitting LPPs, which can facilitate the evaluation of the actual
soft x-ray plasma size. The benchmarking of RHD simulations with
experimental measurements through comparisons of spectra and
plasma images forms a large part of this manuscript’s focus. Such a
modeling capability could reliably predict, over a broad parameter
space, plasma behavior in situations that are not easily probed with
experimental diagnostic methods and, importantly, be used to quickly
identify optimal source conditions. As well as obtaining fundamental
insight into the behavior of these plasmas and their relevance to the
semiconductor industry and applications outlined above, we select tin
as the target of choice for two reasons: (i) because there exists high-
quality radiative data (opacity, emissivity) of tin plasmas, data that
have been incorporated into radiation-hydrodynamic simulations for
the purpose of EUV source modeling,”**” and (ii) the observation of
intense soft x-ray emission from laser-driven tin plasmas at similar
experimental power densities used in this work. The observed spectral
features have been identified and are attributed to transitions in open
3d subshell ions.”””” Additionally, the behavior of such imaged vol-
umes at the scales and wavelengths presented is largely unexplored. At
these sizes, optical depth effects are minimized, providing a simple,
foundational case for comparison.

In the experiments, slab tin targets were irradiated with Nd:
YAG 7 =1064 nm laser pulses with measured Gaussian temporal
profile of 5ns full width at half maximum (FWHM). The pulses
were focused onto the target using a 20 mm diffraction-limited
focal length aspheric lens.”® The resulting soft x-ray plasma emis-
sion volumes were imaged at focus using a pinhole with a mea-
sured diameter of 4.3 um in combination with an aluminum filter
of thickness 660 = 60 nm. This is shown in Fig. 1(a). An IDS U3
3682XLE-NIR CMOS camera’” with a 2.2 um pixel size served as
the photon detector. A glass window in front of the detector was
removed to prevent attenuation of the incident soft x-rays. The
pinhole shown to scale in Fig. 1(b), has an average measured diam-
eter of 4.3 um. The aluminum filter has a high extinction coeffi-
cient for visible and infrared light,” which is particularly
important in attenuating laser light scattered by the plasma.

ARTICLE pubs.aip.org/aip/apl
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FIG. 1. (a) Schematic of the experimental setup for soft x-ray imaging of laser-
produced plasmas. (b) Plasma image recorded with a laser energy of 60 mJ. The
cyan and green curves show lineouts taken parallel and perpendicular to the target,
respectively. The inset in panel (b) shows an SEM image of the 4.3 um-diameter
pinhole shown on the same scale as the plasma image.

The laser spatial profile was characterized using an equivalent
CMOS detector to that described earlier with infrared attenuating
optics and notch filter to measure exclusively the laser profile. This
optical system yielded a D4 ¢ focal spot diameter of 25 um at the tight-
est focus along each principal axis measured using the method outlined
in ISO 11146,”" with a broadly Lorentzian shape. The quantum effi-
ciency of the camera was not measured, however, it likely possesses a
shape similar to that reported by Harada et al;”” it is expected to vary
by approximately £10% across the considered wavelength range, and
so we have assumed it to be flat in the modeling presented in the fol-
lowing. In line with previous measurements of the camera spectral res-
olution,”” we determine a value of approximately 80eV based on
photon counting from photons of a known wavelength in the region.
Emission features below 0.6 nm could be observed; however, no such
features were observed in any recorded soft x-ray plasma spectra. This
sets a lower bound for both imaging and simulations. From CXRO
models of soft x-ray transmission, * the throughput of a 660 nm-thick
aluminum foil drops below 5% at 3.5 nm. This sets the upper wave-
length limit for our experimental spectra, images, and simulation
model.

Plasmas were formed by ablating slab tin with laser energies of 8,
20, 40, and 60 mJ, corresponding to power densities of 0.3, 0.8, 1.6,
and 24x10"” W cm 2 in vacuum with background pressure
~107> mbar. A typical plasma image is shown in Fig. 1(b). It has a
characteristically skewed emission profile perpendicular to the target,
with a near-normal emission distribution parallel to the target
that peaks on the laser axis. Sample experimental (and simulated) soft
x-ray spectra are shown in Fig. 2. The spectrum derived from the pin-
hole (blue) was recorded using a laser energy of 8 mJ to avoid photon
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FIG. 2. Comparison of both experimental pinhole (PH) and transmission grating
(TG) spectrometer spectra in blue and gray, respectively, and a simulated spectrum
in purple. The simulated spectrum is a one-dimensional emission spectrum pre-
dicted by RALEF-2D convolved with the impulse response function (IRF) of the
transmission grating spectrometer with uncertainties in the IRF captured in the
shaded region. Emission regions of tin charge stages, Sn*>*-Sn?®* are indicated
alongside the transition array type identified by Burkhalter et al.”®

pileup in the detector. The emission in this spectral range was corrobo-
rated using a home-built transmission grating spectrometer, recorded
at a higher power density and shown in gray in Fig. 2. These spectra
do not change significantly over the range of power densities used.
Strong emission features between 1.2 and 2.5 nm were observed in all
spectra. In order to characterize the size of the plasma image, the mag-
nification of the pinhole imaging system was determined by driving
the target and lens co-directionally by equal, known amounts (between
15 and 60 um) in the Z direction (see Fig. 1(a)) using bespoke 1.5 um-
accuracy stepper motors and subsequently recording plasma images.
The resulting movement of the plasma image on the camera was
recorded, and taking the ratio between this distance and the known
driven motor distance yielded an average magnification of 4.9 = 0.2.
To determine the object distance, the camera was moved in the X
direction away from the plasma, and, at each camera position, the
magnification was calculated. Given that the magnification increases
linearly with distance, the object distance could be determined with a
linear relation yielding Op=8.7 = 0.7 mm. The magnification of the
spectrometer was determined similarly.

To better understand the experimentally recorded plasma images
and spectra, we performed two-dimensional (2D) radiation-
hydrodynamic simulations using the RALEF-2D code, ”* an acronym
for Radiation Arbitrary Lagrangian Eulerian Fluid dynamics in two
dimensions. RALEF-2D is a single-fluid, single-temperature
radiation-hydrodynamic code, iterating on the hydrodynamic code
CAVEAT" by including thermal conduction and radiation trans-
port, both of which are implemented using a symmetric semi-
implicit method with respect to time discretization.’*”” RALEF-2D
employs a hybrid laser deposition model,”’ which utilizes geomet-
rical ray tracing and the 1D solution of the Helmholtz wave equa-
tion. RALEF-2D solves the radiation-hydrodynamic equations on a
structured, quadrilateral mesh with a second-order Godunov-type
scheme.

ARTICLE pubs.aip.org/aip/apl

Here, simulations were performed on a strictly Eulerian rectangu-
lar mesh, for each of the four experimental power densities with a fit to
the measured laser spatial profile and temporal profile serving as
model input. In Fig. 3, we show the RALEF-2D prediction of the net
radiated power in the 0.62-3.26 nm range per unit volume, or instanta-
neous emission profile, at t ="7.5ns for the 60 mJ simulated case. Also
shown is the computational grid, the spatial variation of the free elec-
tron density (up to the critical electron density of approximately
1 x 10*'cm ) and average charge stage contours. The opacity data
used in RALEF-2D is generated by the THERMOS code”' and is tai-
lored to critical electron densities of ~10"° cm™>. With a 20 mm focal
length lens and a beam diameter before focusing of 9 mm at the lens
front, a laser with M2 of 3.5 yields a Rayleigh range zzg =20 um. The
implementation of such irradiation conditions in RALEF-2D calls for
the incorporation of beam refraction during simulations, but as the
spatial profile of the laser tends toward the scale of the laser wavelength
(~1um) spurious self-focusing of the laser beam on-axis occurs,
which ultimately yields nonphysical output. To circumvent this, we
utilized a cylindrical beam of constant spatial profile equivalent to that
of the laser profile in focus at the target. The majority of the laser depo-
sition occurs in the region in front of the critical electron density sur-
face, which lies close to the target surface during the simulation.

Two independent approaches were used to benchmark the RHD
simulations. This first method consists of comparing soft x-ray images
recorded in the experiments [e.g, Fig. 1(b)] to that predicted by
RALEF-2D, and the second involves comparing experimental spectra

PR Net radiated power / unit volume
(x10"Wem)

Eleqtron\-%nsity

(cm™)

1x102!
-10 I

S T020 =

310)

40 30 20 10 0
Z (pm)

FIG. 3. Simulated plasma profiles. A 60 mJ laser pulse is incident from the left on a
flat tin target placed at Z < 0 um. The upper panel shows the instantaneous net
radiated power per unit volume in the 0.62-3.26 nm wavelength range at t=7.5ns
(peak laser power). The lower panel shows the electron density superimposed atop
the simulation grid. Lines of constant average charge state 20 < Z < 27* are
indicated by the various colors.
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(e.g., Fig. 2) to simulated spectra. The first method involves the use of 28
discrete, unevenly spaced wavelength groups extending from 0.6 nm to
123 um to solve the radiation transport equation, where the radiative
energy exchange between fluid elements is computed at all simulation
time steps. The output consists of key plasma parameters, e.g., electron
temperature, electron density, radiated power, etc., in the form of a 2D
rotationally symmetric, infinitesimally thin “slice” of the center of the 3D
plasma, an example being shown in Fig. 3. The second approach utilizes
235 unevenly spaced radiation groups from 0.6 to 332 nm, where the
radiation transport equation is solved in the post-processor mode along
one direction only at preselected time steps. To account for diffractive
blurring, which is inherent to any imaging system, the pinhole and spec-
trometer impulse response function (IRF) were modeled using near-field
Fresnel diffraction equations, which relies on the experimentally mea-
sured magnification, object and image distance, and aperture size.

In the first method, the following five-step procedure was applied
to the simulation results: (i) 2D instantaneous emission profiles of six

—— Experimental Image (Fit)

Elas = 8 mJ Elas = 20 mJ

20

10

Spatial Extent (um)
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adjacent wavelength bands in the region of interest were produced at
500 ps intervals from 0 to 15ns (the laser temporal profile peaks at
7.5 ns). The wavelength bins have sequential edges at 0.62, 0.83, 1.13,
1.55, 2.07, 2.58, and 3.26 nm, which encompasses the majority of the
experimentally observed emission. (ii) At each time step, the emission
profile was Abel transformed: the experimental plasma images are a
2D projection of a 3D object. Due to the rotational symmetry of the
RALEF-2D output, the simulation slice can be Abel transformed to
give a 2D projection of the corresponding volume. This transformation
is performed under the assumption of an optically thin medium. (iii)
These emission profiles were then scaled with the wavelength-specific
transmission scaling coefficient from the aluminum transmission filter.
(iv) The scaled profiles were then convolved with the IRF of the pin-
hole imaging system and (v) finally summed for all wavelengths and
all times.

The simulated and experimental plasma images and their charac-
teristic lineouts perpendicular and parallel to the target are shown

—— Simulated Image
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FIG. 4. Spatial profiles of the experimental and simulated plasma images. The top row consists of simulated (upper half) and experimental (lower half) plasma images. The sec-
ond row shows lineouts taken through the center of the plasma (dash—dotted) that are perpendicular to the target. The bottom row shows lineouts taken through the center of
the plasma image that are parallel to the target (dashed). Uncertainties are reflected in the shaded region (see main text). All lineouts are normalized to the peak values in the

upper panel.
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in Fig. 4. A remarkable agreement between experimental and simu-
lated images both in scale and in shape is observed. The FWHM values
and uncertainties of the experimental and simulated plasmas are shown
in Fig. 5. Experimental error bars represent the spread of FWHM values
across many images and the magnification uncertainty, which is also
encapsulated by the green-filled region in Fig. 4. The simulated uncer-
tainties shown capture the uncertainty in the IRF (which relies on exper-
imentally measured values) and filter transmission. Given the good
agreement between experimental and simulated plasma images, the true
size of the plasma can be inferred directly from RALEF-2D, shown in
red in Fig. 5. This circumvents the necessity of applying deconvolution
models directly to the plasma images, which can be complex to imple-
ment, particularly with noisy plasma images. Figure 5 indicates that
plasma size increases in both directions with increasing laser energy.
The second analysis method focused on spectra produced from the
1D numerical detector in RALEF-2D. The spectra for each laser energy
produced by RALEF-2D were convolved with the transmission grating
spectrometer IRF, the results of the highest power density case being
shown in Fig. 2. Both experimental and modeled spectra show similar
features, namely the three distinct emission peaks at 1.5, 1.8, and 2.4 nm.
These experimental spectra have been compared to high-resolution
experimental spectra taken at equivalent power densities, with good
agreement concerning wavelength.”” A comparison with the work of
Burkhalter ef al.” indicates that the spectral features likely arise from
Sn*** up to Sn**", This is consistent with the RALEF-2D calculated val-
ues, with sample contours of charge states shown in Fig. 3: the predicted

s+ Expt. Image e Sim. Image ¢+ RALEF-2D
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FIG. 5. Variation of the experimental (green) and simulated (blue) FWHM values of
the plasma image lineouts, shown in Fig. 4 with increasing laser energy including
uncertainties (see the main text). Red diamonds show the RALEF-2D-predicted true
plasma FWHM.
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maximal ion stages from RALEF-2D for each laser energy are at least
227,257,277, and 287, respectively. The estimated power density used
by Burkhalter et al. was approximately one order of magnitude higher
than that in this work, and so the contributions are estimated to be rea-
sonable from the simulation. Good agreement is observed between sim-
ulation and the experiment. The spatial discrepancy between simulation
and experiment is mainly confined to the tails of the emission distribu-
tion. Spectrally, we observe only moderate differences in peak intensity
ratios and positions. Considering the origin of such discrepancies, exper-
imental uncertainties include the laser energy, which we estimate has an
uncertainty of ~10% based on experimental measurements. The cover-
slip used to stop debris damaging the lens will likely acquire debris over
time, and may introduce a minor attenuation of the laser beam. From
RALEF-2D, it is possible a laser deposition model that accounts for the
spatial expansion away from the target and opacity data better suited for
1064 nm ablation ~ 10*' cm ™ would produce better matching results.
To summarize, the production and characterization of intense soft
x-ray emission from tin LPPs driven by 1064 nm-wavelength laser
pulses has been achieved experimentally. Radiation-hydrodynamic
modeling using the RALEF-2D code has been demonstrated as a viable
method of modeling the spatial and spectral behavior of tin LPP
emission in the soft x-ray wavelength region at small scales, with good
agreement despite the experimental uncertainties and model limitations.
Intense soft x-ray emission features were observed at 1.5, 1.8, and
2.4 nm, with likely contributions from Sn*** up to Sn*** for the hottest
plasmas generated. Given this agreement, inferences about plasma prop-
erties from radiation-hydrodynamic simulations can be made, such as
the true plasma size and contributing ion stages. Spatial and spectral
characterizations performed are essential for radiance calculations,
which relies on knowledge of both spectral flux and plasma size. Future
work will focus on the characterization of experimental and simulated
conversion efficiencies and radiances, paving the way for predictive radi-
ance determination.
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