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ABSTRACT

We introduce a spectroscopic absorption imaging method in the UV regime (225-400 nm) to study tin vapor created by irradiating a thin
film with a low intensity 10° W ¢cm ™ > nanosecond laser pulse, a case inspired by current developments around “advanced target shaping” in
industrial laser-produced plasma sources for extreme ultraviolet light. The 4-ns-time-resolved, 10-pm-spatial-resolution images contain a
10-cm ™ '-resolution spectrum of the vapor in each pixel 100 ns after the vaporization. The images allow us to reveal a homogeneous tempera-
ture profile throughout the vapor of around 3000 K. We obtain a density map of the atoms (with a peak density of 5 x 10'® cm ™) and nano-
particles (10'>cm™> for the best fitting 20 nm radius case), which both are shown to be present in the vapor. For each free atom,
approximately three appear to be clustered in nanoparticles, and this composition is invariant over space and density. The density and tem-
perature maps of the free atoms are combined to estimate the electron density (peaking at 10'*> cm™>) in the vapor.

© 2023 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/10.1063/5.0173871

Optical diagnostics of plasma and vapor play a key role in the
development of modern technologies. Notable examples include recent
breakthroughs in tokamak fusion plasma, where multiplexed imaging
provides necessary detail, e.g., of the scrape-off layer,” * and EUV lithog-
raphy, where active and passive spectroscopy methods led to key new
insights.”” The diagnostics employed so far have focused either on spec-
troscopic resolution, to identify contributing electronic states in atoms
and ions, or on imaging resolution, to, e.g,, pinpoint the precise location
of high-temperature plasma areas.”” This focus typically comes with
tradeoffs between imaging and spectroscopic resolution or with the
necessity to employ tedious spatial raster scans to combine sufficient res-
olution on both fronts.'’"* The use of liquid tin as laser-plasma targets
in EUV lithography'*'” and plasma divertor shielding in fusion'®"®
motivates the development of direct optical diagnostics that combine
high spatial and temporal resolution with high-resolution spectroscopy
of tin vapor that may comprise atoms as well as nanoparticles.

In this work, we introduce a method of UV spectroscopic absorp-
tion imaging that combines ~10pm spatial, 4ns temporal, and a
10cm™ ' spectroscopic resolution that enables identifying the

composition of tin vapor. We develop and apply the method to the field
of tin target shaping, relevant to the production of EUV light using
laser-produced plasma (LPP)."” Specifically, we use a 10° W/cm®
nanosecond-duration laser pulse to experimentally create a vapor from
a thin film, which is imaged using the method, and to determine the
vapor’s state of matter. Target shaping, i.e., creating thin tin sheets from
droplets, is used for the LPPs to increase EUV generation efficiency."”
Even larger efficiency gains, in converting more laser light into useful
EUV photons, could be obtained with improved, advanced target shap-
ing.” Inspired by this concept, we here investigate targets pre-shaped by
a further laser pulse to create a tin vapor”' that may improve the interac-
tion with the main pulse and increase the conversion efficiency (analo-
gous to the pre-plasma suggested in Refs. 22 and 23).

In the experiment (see Fig. 1), a train of tin microdroplets
(T =270°C in the current experiments) is generated using a droplet
generator mounted on top of a vacuum chamber (10”7 mbar). The
droplet stream passes through a sheet of light a few millimeters above
the vacuum chamber center. Scattered light at a kilohertz rate is picked
up by a photo-multiplier tube and downsampled to 5 Hz to trigger the
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FIG. 1. (a) Time-ordering of the three laser pulses used in the experiment. First, the
tin microdroplet is hit by a pre-pulse (PP), propelling the droplet, and expanding it
into a thin film. At a set time (At), this thin film is irradiated with the vaporization
pulse (VP), creating the tin vapor. The tin vapor is imaged using the shadowgraphy
pulse (SP). (b) Processed side-view shadowgrams created with 284.08 nm-back-
lighting at different times after the PP. The VP hits 3.1 us after the PP. (c) Front
view of the thin film (at 30°, showing the line focus of the VP, to control absorption
path length). (d) Side-view shadowgrams at various SP wavelengths, 100 ns
after the VP. (e) Extinction (E) spectrum for the location indicated by the blue dot in
panel (d).

experiment. For more details of the experimental setup, see previous
works.”"*

A microdroplet (diameter set to ~30 pum) is first hit by the pre-
pulse [PP, 10ns, 1 = 1064 nm, cf. Ref. 25, and see Fig. 1(a)]. Spatially,
the PP is focused to a Gaussian spot size of approximately
100 x 100 pm (FWHM, full-width at half-maximum). The droplet is
propelled by the PP and expands into a thin sheet.”***

At a set time after the PP, here, 3.1 s, the sheet is irradiated with
a 0.5 mJ ns-length vaporization pulse (VP, 4 = 1064 nm). At this time,
the sheet has a thickness of 50-20 nm (decreasing radially outward).”'
The VP is focused to a line focus using a cylindrical lens and has an

ARTICLE pubs.aip.org/aip/apl

FWHM of 1100 x 70 pm, to define a common interaction length of
the side-view shadowgraphy. The energy of the VP is carefully tuned
to ensure vaporization occurs without significant ionization of the tin
as evidenced by the absence of any signal on Faraday cup ion
detectors.

Finally, the vapor is imaged using two synchronous shadowgraphy
pulses (SPs). A front-view image (at 30°) is taken using 560 nm light to
check proper droplet-to-laser alignment.”’ The light for the side-view
image at 90° comes from a Continuum Horizon OPO laser here gener-
ating wavelengths between 225 and 400 nm, with a pulse length of 4 ns,
a spectral bandwidth of 5-10 cm ™, and a spatial resolution of between
5 and 10 um depending on the wavelength, respectively. Figure 1(b)
shows the evolution of the tin target from microdroplet to vapor using
side-view UV shadowgraphy, while Fig. 1(c) shows the front view from
the green shadowgraphy after the VP has hit.

For each UV shadowgraphy wavelength, we average over 50
frames (in our stroboscopic method, each frame corresponds to a dif-
ferent droplet), after correcting for minor tilt and alignment changes.
This reduces the visibility of coherence “speckle” and increases the sig-
nal-to-noise ratio. The images obtained at different wavelengths are
scaled to a global magnification value (magnification changes with
wavelength due to the chromatic, single-lens-imaging setup). All CCD
pixels are binned into 4 x 4 bins (in the following referred to as a pixel)
to reduce the impact of any remaining misalignment, resulting in an
effective spatial resolution of 10 pm. Figure 1(d) highlights the range of
wavelengths allowed by the OPO laser and the changing contrast of
the vapor. These and all subsequent images are taken with 100 ns
between the VP and the shadowgraphy.

Figure 1(e) shows the extinction spectrum for the location indi-
cated by the blue marker in panel (d). A broadband contribution is
present, decreasing toward longer wavelengths. This we attribute to
the presence of nanoparticles as we will describe below.”” >’

Furthermore, strong Sn-I atomic resonances are visible, proving
the presence of free atoms in the vapor (see the supplementary mate-
rial Note 1 for an overview of resonances).”’ ** The electronic levels
probed can be seen in the Grotrian diagram in Fig. 2(a). These atomic
resonances enable the extraction of the temperature of the vapor using
a Boltzmann plot.(”33 To do so, the broadband contribution is removed
to obtain the atomic contribution to the extinction spectrum, Egom
[see Fig. 2(b)]. Next, we calculate the area under the logarithm of Eyom
for each atomic resonance and use this as the metric for the line
strength S. This line strength can be related to the Boltzmann popula-
tion fraction b(T),

S= J— In (1 — E(v))dv = noLy(v)b(T)ay. (1)

Here, 0y is the base resonance cross section (see supplementary mate-
rial Table S1), ny is the total atom density, L is the common path length
through the vapor [~100 pum, obtained from images like Fig. 1(c)],
and taking y(v) as a common broadening factor. Plotting S vs o, gives
a straight line, of which the slope is set by the Boltzmann population
fraction [see Fig. 2(c)].

We assume that no other higher-lying levels than those shown in
the Grotrian diagram are occupied (the next level lies at 17 162cm ™).
This allows us to calculate the occupation of the levels based on the fit
slopes, with the common factors 1y, L, and y(v) dividing out and,
thus, our treatment is independent of their specific numerical values.
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FIG. 2. (a) Grotrian diagram. Only the ground level of neutral tin 5s25p? is shown
for clarity. The four energy levels probed in the experiment are also shown. The dif-
ferent colored lines are resonances from these levels to higher levels (not shown).
The numbers next to the levels indicate the total angular momentum quantum num-
ber J. (b) Extinction around several atomic resonances when the broadband term is
subtracted (Eatom). The plot colors relate to the ground levels of the resonances in
panel (a). (c) oo vs In (1 — E) integrated over the resonance. See the main text for
information. (d) Boltzmann plot with fit of the four levels based on the slopes in
panel (c) for the pixel indicated in panel (e). () Resulting temperature map for the
entire vapor.

These occupations are then fit with a Boltzmann distribution, resulting
in a temperature [see Fig. 2(d)].

Having demonstrated the process above for a single pixel, we
next apply it to the full image to create a temperature map. The result,

ARTICLE pubs.aip.org/aip/apl

presented in Fig. 2(e), reveals a relatively uniform temperature around
3000 K. Small deviations from a homogeneous temperature can be
seen in high-extinction areas [cf. Fig. 1(d)]. These deviations may point
to temperature increases in colliding vapor flows or potentially to dif-
ferences in y(v) between resonances becoming more apparent at high
densities. In general, both (i) the non-trivial spectral shape of the OPO
laser and (ii) the uncertainty in the assumption of constant density
broadening contribute to a conservative overall systematic uncertainty
of approximately 20% on the data points in Fig. 2(c). This uncertainty
propagates through the fit [cf. Fig. 2(d)] to result in an uncertainty in
the order of 100K in temperature T [Fig. 2(e)]. With this in mind, we
note that the temperature can be considered to be relatively uniform
and close to the boiling temperature of tin of 2875 K.

Having obtained the overall temperature map, we next extract the
local density, which together with the temperature and the composition
defines the state of matter of the target material. Figure 3 shows extinc-
tion spectra for selected locations, indicated by the dots in Figs. 3(a)-3(c).
As shown in Fig. 3(d), the individual spectra are very similar, with the
only clear difference being the total extinction. This similarity can be fur-
ther investigated by introducing the relative density (a) and relative cross
section (¢). To do so, Beer—Lambert’s law”** is inverted to an equation
for the cross section: ¢(v) = —In (1 — E(v))/nL. Again, n is the density
of the material and o its extinction (absorption + scattering) cross sec-
tion, and L is the (common) path length through the material.

A relative density a can be defined for any two pixels in an image
by comparing the In (1 — E(v)) between the two locations, following
Schupp et al.”® The advantage of relative densities is that we do not
require any underlying model for the cross section. Figure 3(e) shows
In(1 —E(v)) to highlight the non-linearity of Beer-Lambert; the
atomic resonances become more pronounced when taking the loga-
rithm since these have very high extinction values.

We fit the broadband extinction spectrum of each pixel to the spec-
trum of a single reference pixel (defined as a= 1), obtaining a single
(wavelength independent, unitless) value a: an overall multiplicative fac-
tor that minimizes the difference between the individual spectra of panel
(e) and the reference spectrum. Figure 3(f) shows the result of the fit pro-
cedure for the selected positions expressed as a relative cross section, Gy,
defined as g, (v) = —In (1 — E(v))/a. We set 6,q(v) = 1 for the ref-
erence pixel at the longest wavelength (381 nm).

Figure 3(g) shows the same results with the atomic resonances fil-
tered out for improved visibility. In addition to the selected locations,
the mean o, with uncertainty bounds are also plotted to highlight the
collapse of every pixel in the vapor to the same curve. With this, we
reveal the striking fact that the spectra are spatially invariant and, thus,
the underlying nanoparticle size distribution that causes the broadband
extinction curve is the same everywhere in the vapor.

We next plot the values obtained for a in Fig. 3(b), showing a
strong correlation with the original shadowgraph in panel (a). An
atomic equivalent to the method above can be defined by comparing
the area under the logarithm of Eyon [following Fig. 2(c)] between dif-
ferent pixels to again obtain a single a as an overall multiplicative fac-
tor. The results are presented in Fig. 3(c). Remarkably, the two means
for obtaining the relative densities a produce extremely similar spatial
profiles, comparing panels (b) and (c). This indicates that the nanopar-
ticles and free atoms move together and that the densities, ranging
over an order of magnitude, have no influence on the composition of
the vapor itself—the composition appears to be frozen in.

Appl. Phys. Lett. 123, 254102 (2023); doi: 10.1063/5.0173871
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A similar estimate can be made for the broadband component of

© 15 the spectrum caused by nanoparticles. We use a numerical code™
(cross-checked with an alternative code™) for Mie theory”‘28 to obtain

o , 1.0 _ extinction cross sections, which includes both absorption and scatter-
ing, for nanoparticles (typically valid for sizes above 40-100 atoms, a

0.5 radius of 1-3 nm).””***! Refractive index data are taken from Cisneros

et al.”” and extrapolated to wavelengths below 310 nm (4eV) using a

0.0 Drude-model fit."* The dotted gray line in Fig. 3(g) indicates the best-
) (nm) fitting nanoparticle radius of approximately 20 nm, obtained from a
250 300 350 250 300 350 . . .
100 T T 7130 least squares fit of the cross section predicted by Mie theory to the col-
i @itk (f) lapsed relative cross section, with the particle radius being the single
- . = o5 free fit parameter. We note that Mie extinction has near-equal contri-
80 1, o 1F ) 1 butions from absorption and scattering in this size regime. A nanopar-
iRER 11 1L P i PV ticle density of approximately 10> cm ™ is obtained when taking the ¢
. 60 ¢ i {1 . | ] of a 20 nm radius nanoparticle. This means that a total number of 3(1)
X[ IR i ] di5 = x 10" atoms are clustered in nanoparticles to create the broadband
S iR R ] 1 ° spectrum, which is close to the total number of atoms in the vaporized
40 | ' 7 ] i 1
l N (. E J10 thin film (3 x 10™°).
\ | N ] The dominant uncertainties pertain to (i) the extrapolated refrac-
20 j\L i g— ' E 5 tive index and (ii) the estimated number of vaporized atoms. More
- L% L l: L ] atoms may be vaporized from parts of the thin film that did not
ol Pl Laf— ] ] become transparent after the laser pulse. Additionally, the atomic

— T — T broadening, hidden by the complex spectral shape of the UV laser,
(e) (el10 adds uncertainty to the atomic density calculation.

] Critically, we learn from this that for every free atom, several
others (approximately three) are clustered in nanoparticles. We note
that this estimate is relatively independent of the precise radius of the
nanoparticles, with the cross section per atom being relatively constant
in this range. This independence extends to below the strict validity
range of Mie theory as well, providing strong support for the statement
that only one out of three atoms are “free” with the remainder bound
in nanoparticles.””

2 The obtained densities and temperatures of the atoms can be
i combined to obtain a local electron density (which is an important
L S A Ll § = quantity for laser absorption in media, and thus, for the industrial
40000 30000 40000 30000 application of EUV generation) within the vapor using the
v (emt) v (cmt) Saha-Boltzmann equation.”* Given the rather uniform temperature
profile [cf. Fig. 2(e)], this local electron density closely follows Fig. 3(c)

and yields a maximum electron density of approximately 10'*cm >,

1.75
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125
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L N L E
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FIG. 3. (a) Image of the vapor at 284.08 nm (on an atomic resonance). Four differ-

ent locations for which the curves are shown in (d)—(g) are indicated. (b) and (c) . ) > .
Relative, unitless, densities a determined using the broadband extinction curve (b) six orders of magnitude below the critical electron density for a 10 pm-
or the atomic resonances (c). (d) Extinction for the four locations. () —In (1 — E) wavelength CO, main pulse. Only under EUV-generating conditions,
for the four locations. (f) Relative cross section (ave) for the four locations. (g) when high tin charge states (Sn'®"-Sn'*") are generated, the atomic
Relative Cross sect'ion (atomic resonances filtered out). Megn (gray, dasheq) for all vapor reach the critical density—enabling sustaining the plasma, with
pixels and uncertainty bounds (at 1 and 3 standard deviations, gray shading) are . . . . 45

> o o : 3 : laser light absorbed via the inverse Bremsstrahlung mechanism, ~ but
also indicated. The dotted gray line indicates the best-fitting nanoparticle radius of L e .
20 nm. not explaining its “ignition.” The current vapor could still offer an

effective advanced target in EUV sources given that nanoparticles may
instead ignite the plasma, leading to rapid ionization and the forma-

€1:95:Z) $20z Aenuer pQ

The total number of atoms in the vapor can be estimated, taking tion of a critical surface. Additionally, the increased laser-material
as input the known cross section of the resonances and the constant interaction length scale may promote laser absorption.
path length (100 um). Furthermore, we take a linear scaling of the In addition to the value of our method to diagnose tin vapor tar-
broadening y(v) with density.”” Using this, an absolute density map gets, the observed broadband extinction spectrum with its spatial
can be obtained [which is indistinguishable from Fig. 3(c) and, there- invariance and density independence may provide insight into the
fore, not shown] and peaks at 5 x 10®em ™2, Summing over the full vapor production mechanism. Two well-known mechanisms are (i)
map (i.e., integrating over the entire measured volume) results in a Hertz-Knudsen evaporation and (ii) homogeneous nucleation (also
total number of 1 x 10" atoms in the vapor. This number represents known as phase explosion or explosive boiling). " Our detailed cal-
approximately 40% of the total number of vaporized atoms when com- culations (see the supplementary material Note 2) indicate that vapori-
pared to the prediction from the sheet thickness model of Liu et al.”' zation following the Hertz-Knudsen equation can explain the

Appl. Phys. Lett. 123, 254102 (2023); doi: 10.1063/5.0173671 123, 2541024
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observed rate of double-sided vaporization (dividing the typical thick-
ness ~25nm by the 6 ns VP pulse length”') when taking as input the
tin vapor pressure in vacuum >~ and assuming a surface temperature
of approximately 4000 K. We note that this temperature, while suffi-
cient to explain the observed vaporization rate, lies well below the ther-
modynamic critical temperature (which is between 7073 and 8800 K
for tin™"") and is very close to the observed late-time temperature
obtained from Fig. 2. Since vaporization following the Hertz-Knudsen
model only describes the formation of free atoms,"””" any nanopar-
ticles must have been formed through coalescence processes which we
may hypothesize to lead to a broad range of cluster sizes. The produc-
tion of particles with the current best-matching radius of 20 nm is not
fully understood from this picture. Smaller objects, specifically clusters
Sn,, (n = 6...40), exhibit extinction cross section spectra,zg dominated
by absorption, which can produce broadband responses similar to the
observed broadband component.

The much more violent process of homogeneous nucleation,
which occurs when the liquid is heated close to thermodynamic critical
temperature,”” may well explain the formation of larger nanoparticles.
Typical reported nanoparticles sizes resulting from homogeneous
nucleation range of 5-25nm’® °' similar to the current observation.
Homogeneous nucleation leads to rapidly expanding gas bubbles
expelling nearby liquid mass and, thus, creating nanoparticles.”’ The
used VP intensities in our experiment heat the thin film at a rate of
approximately 10'*K/s. At these intensities and time scales, homoge-
neous nucleation has been observed previously.”” The identification of
the underlying vaporization mechanism is, thus, strongly intertwined
with the origin of the broadband extinction spectrum. Future work
could probe the thin-film vaporization process in a time-resolved man-
ner, thereby enabling the separation of the two vaporization mecha-
nisms, with the longest VP and shortest possible SP pulses maximizing
the effective temporal resolution, employing the method introduced in
this work.

In conclusion, we introduce an optical diagnostic method for
characterizing the composition of a vapor based on UV spectroscopic
absorption imaging. We use the method to study tin vapor created by
irradiating a thin film with a laser; a case inspired by industrial LPP
EUV sources. We obtain high-resolution images containing a high-
resolution spectrum for the vapor in each pixel. Using our spectro-
scopic imaging method, we reveal a rather homogeneous temperature
profile throughout the vapor, close to the boiling temperature of tin,
and obtain a density map for atoms and nanoparticles, both of which
are shown to be present in the vapor. For each free atom, several others
appear to be clustered in nanoparticles and the composition appears to
be frozen in. We combine the density and temperature maps for free
atoms to obtain the electron density in the vapor, which is highly rele-
vant to industrial applications. Finally, besides the clear value of our
method to quantify tin vapor targets for industrial applications in
EUV lithography and fusion alike, it may also provide more general
insight into vapor production mechanisms under extreme conditions
and can also be applied to broader studies of the dynamics of phase
changes in free-standing thin films.

See the supplementary material for a video which animates Fig. 1
to show the evolution of the absorption images with backlight wave-
length, as well as (Note 1) an overview Table S1 of the atomic transi-
tions relevant to this work and (Note 2) details underlying
Hertz-Knudsen calculations.
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