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Introduction

Microelectronics, especially in the form of integrated circuits, has become an es-
sential part of our everyday lives, be it in the form of consumer electronics such
as smart phones and personal computers, or in bigger settings such as computer
clusters used, e.g., for weather forecasting or to power search engines. The ground-
breaking innovation making all of these applications possible was the transistor, a
device proposed by J.E. Lilienfeld in the early twentieth century [1, 2]. In 1947,
a first working device was built in the form of a point-contact transistor [3]. The
extreme miniaturization of electronics over the last few decades was later made
possible by introduction of the metal–oxide–semiconductor field-effect transistor
(MOSFET). This device, invented in 1959, allowed for mass-production and effi-
cient size reduction via photolithography [4].

In photolithography (referred to in the following as simply ‘lithography’), light
is used to imprint a pattern encoded on a mask onto a substrate. The mask is illu-
minated either in reflection or transmission after which the light is imaged onto a
silicon wafer coated with a photoresistive chemical. Upon illumination, the struc-
ture of the chemical is altered and in subsequent processes the excess material is
removed, leaving behind the printed structure. Over the years, the development
of new complex techniques enabled the continued shrinkage of printed feature
sizes while lithography continued to be the underlying production method. The
progressive miniaturization of printable features is commonly gauged by the num-
ber of transistors printed per unit area. The latter was predicted by G.E. Moore
to roughly double every two years, while the cost per transistor was predicted to
approximately halve within the same time period [5, 6]. These predictions were
closely followed by the semiconductor industry for several decades [7].

One of the main enablers for this achievement has been the use of ever-shorter
wavelength light in the lithography process. While first lithography machines used
light from mercury lamps of approximately 400 nm wavelength, these lamps were
soon replaced by shorter-wavelength laser sources operating in the deep-ultraviolet
(DUV) spectral regime in order to increase printing resolution. Following Abbe’s
resolution limit, the smallest feature size which can be printed, the so-called critical
dimension (CD), is given by CD = k1λ/NA. The CD clearly scales with the wave-
length λ of the light source. The remaining factors are the numerical aperture (NA)
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of the illumination system and a production process specific constant k1, typical val-
ues in DUV lithography systems being 0.3–0.4 [8], and are relatively more limited
in their optimization. Nevertheless, after the introduction of ArF excimer lasers as
light source at a 193nm wavelength, the resolution scaling via wavelength came to
an abrupt halt because of a lack of economically feasible high-power light sources
at shorter wavelengths as well as increased difficulties arising from the strong ab-
sorption of shorter wavelength light by virtually all materials. These constraints
made DUV lithography the standard for more than two decades and creative tech-
niques were developed to continue the miniaturization of printable structures [8].
One important achievement towards further miniaturization was the increase of
the system NA by insertion of a liquid with refractive index n> 1 between the illu-
mination optics and the wafer. Another important advancement was the introduc-
tion of so-called multi-patterning, the process by which multiple illumination cycles
are used to print a single structure. Nowadays, the technique of multi-patterning
enables the printing of features well below the resolution limit of DUV lithogra-
phy systems. The use of multi-patterning does however significantly increase the
amount of production steps and in turn the cost per transistor. Hence, a new tech-
nological breakthrough was needed: lithography in the extreme ultraviolet (EUV)
spectral region.

Using a shorter 13.5-nm wavelength, the printing resolution of ASML’s lithog-
raphy systems has further improved and the proposed high-NA imaging systems
(NA = 0.55) will enable the introduction of 3 nm nodes within the next years [8,
9]. One of the main reasons for the choice of 13.5-nm light is the good reflectivity
of producible multilayer optics at this wavelength which efficiently reflect in a 2%
bandwidth around said wavelength, the so-called in-band region [10]. After de-
ciding on an appropriate light source wavelength, the type of light source had to
be chosen. Consideration was given to free-electron lasers, laser-produced plasmas
(LPPs) or discharge produced plasmas. Based on factors including required EUV
power, source up-time and assessment of financial risks, LPP sources using mass-
limited targets eventually became the light source of choice. In these LPP sources,
tin microdroplets are irradiated in a two-pulse scheme. First, a low-intensity pre-
pulse propels and deforms the droplets into extended targets. These targets are
subsequently illuminated by a second high-intensity pulse to create a hot, EUV-
emitting tin plasma [11]. Tin was chosen over other elements, such as lithium,
because a plethora of its charge states emit strongly at 13.5 nm, promising high
efficiencies of converting laser light into the desired in-band radiation. Specifically,
the tin charge states Sn10+–Sn14+ emit intense in-band radiation. Within these ions,
strong dipole transitions from singly excited states closely align around 13.5 nm,
caused by strong configuration interaction of the respective atomic sub-shells. Re-
cently, Torretti et al. have found that transitions between multiply excited states in
these ions make a prominent contribution to emission features both in and around
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Figure 1: Left: Spectral purity of tin plasmas as a function of their optical depth as de-
termined in Chapter 4. The dashed line indicates the SP as expected from a scaling
of the spectral emission using an analytical 1D radiation transport model, outlined
in Chapters 2 and 4. Right: corresponding spectra for the three wavelength cases
depicted in the left panel and normalized to their peak emission. Spectra for
1- and 2-µm drive lasers are obtained from irradiating a 30-µm-diameter droplet
and the spectrum for the 10-µmdrive-laser case is recorded from a plasma formed
from an extended tin target (reproduced from Ref. [13]). The gray shading de-
picts the in-band region matching the reflectivity of available Mo/Si multilayer
optics.

the in-band region [12].
Now, after more than two decades of research and development, tin-droplet-

based EUV light sources recently have entered the market and EUV lithography
already has become a key technology enabling 7 nm nodes and beyond. Historically,
CO2 gas lasers were chosen to drive the plasma because of good scalability of their
output power combined with the high obtainable efficiency of converting laser light
into in-band radiation within a 2π hemisphere covered by light-collecting optics.
This efficiency is referred to as the conversion efficiency (CE). Current machines
produce more than 250W of in-band radiation at CE values of 5-6% [11].

One of the enablers of high CE values using CO2 lasers is the absorption of the
λL = 10.6µm laser light in relatively low-density regions of the plasma (typically
1018–1019 e−/cm3) by the process of inverse bremsstrahlung. A low plasma den-
sity is, in turn, typically connected to a high ratio of in-band emission to overall
EUV emission. This ratio defines the spectral purity (SP), and SP values as high as
20% have been measured in the case of CO2-driven plasmas. An example of the
spectral emission of such a CO2-driven plasma is shown in Fig. 1. Also shown are
spectra for 1- and 2-µm wavelength laser irradiation of droplet targets investigated
in this thesis. Comparing the three wavelength cases, an advantage of the low den-
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Figure 2: CE values simulated using the Lawrence Livermore National Laboratory
HYDRA code [14] in one dimension. A thin liquid tin disk is irradiated with a tens-
of-nanoseconds-long laser pulse of varying laser wavelength (λL) and intensity
(IL) to explore CE dependence on these two quantities. Modified from Ref. [15].

sity CO2-driven plasma regarding SP becomes apparent in terms of the narrower
13.5 nm emission feature. The broadening of the spectral feature at 13.5 nm in the
1- and 2-µm cases can in part be understood in terms of the higher plasma density
at which these shorter drive laser wavelengths are absorbed. Radiation produced in
these denser regions, all other things being equal, encounters a higher column den-
sity of tin atoms that absorb and re-emit the radiation on its way out of the plasma,
re-distributing spectral energy into wavelength bands other than the desired 2%
bandwidth around 13.5 nm. The strength of this absorbance and re-emitance is
quantified in the optical depth of the plasma. The optical depth is dependent on
three factors: first, the ability of the atoms in the plasma to absorb radiation, quan-
tified in terms of the opacity αλ. Second, the length of the emitter column l. And
third, the density of emitters, expressed in terms of the plasma’s mass density ρ.
In case of a short drive laser wavelength, e.g. 1 or 2µm, the EUV-producing plasma
has higher density (compared to a 10µmCO2-driven one), resulting in an increased
optical depth that reduces the spectral purity, as shown in the left panel of Fig. 1.

In order to further optimize the CE of EUV light sources, consideration must be
given to additional factors, such as the ability of the laser energy to be absorbed
by the plasma as well as the fraction of this absorbed energy that is emitted as ra-
diation into the hemisphere covered by light-collecting optics. One such example
of this is recent simulation work performed by researchers at Lawrence Livermore
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National Laboratory, shown in Fig. 2. In their simulations, CE was explored regard-
ing the drive laser wavelength as well as its intensity using the HYDRA code [14] in
one dimension and laser pulses of several-ten nanoseconds were used to illuminate
thin sheets of liquid tin. Interestingly, a significant increase in CE with drive laser
wavelength is observed, with a value of ∼3% obtained for a 1-µm driver, ending
in a long-stretched optimum of constant CE above 5% starting at just below 2µm
and continuing to well above 10µm. This simulation result highlights potentially
high-obtainable CE’s in the experimentally unexplored near- to mid-infrared re-
gion, where efficient high-power, solid-state laser technology has been developed
over the last years. A strong advantage of these solid-state laser systems is their up
to several times higher wall-plug efficiency than that of CO2 gas lasers. Especially
wavelengths near 2µm are of interest where currently very promising high-power
Big-Aperture-Thulium (BAT) laser technology at a 1.9-µm wavelength is under de-
velopment that may become available for EUV light source applications in the near
future [16]. Even though the CE for a 1-µm drive laser wavelength may be slightly
lower, the high wall-plug efficiencies achievable with solid-state laser technology
may lead to an overall more efficient EUV light source considering the ratio of us-
able EUV photons to electrical power. The 1-µm wavelength is further opportune
because already today high-power lasers exist at a mature stage of development,
ready for industrial use.

Another advantage of a shorter drive laser wavelength is that the higher density
of the EUV emitting plasma allows for larger amounts of in-band radiation to be
produced within a small plasma volume. This is important as in-band photons are
only usable if they are produced within the etendue of the light collecting optics
of the light source. The high SP values attainable in CO2-driven plasmas come at
the cost of emitter density and much larger plasma sizes are required to obtain
equivalent amounts of in-band radiation. Consequently, figures of merit next to
CE may be needed in the future in the form of, e.g., a CE value normalized to the
plasma volume in which the in-band radiation is produced. A final optimization
of an EUV light source will need to take into account the amounts of produced
debris, be it in the form of fast ionic and atomic debris or larger particles such
as tin clusters and microparticles, as well as radiation outside the desired in-band
region. This debris needs to be manageable to enable long up-times of the EUV
light source.

Because of the complex interplay of all of the above mentioned parameters, a
careful optimization of high-power EUV light sources is required for each drive
laser wavelength in order to find the optimal operating conditions. Overall, near-
infrared solid-state lasers present a very promising class of drive laser candidates
for future generations of industrial EUV light sources.
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Outline and summary

In this thesis, the fundamental limits of converting laser radiation via tin plasma
into a 2% bandwidth around 13.5 nm, relevant to nanolithographic applications,
are experimentally investigated. For light source optimization, the effects of vary-
ing laser irradiation parameters (i.e., laser wavelength, laser intensity and beam
spot size) and varying target morphologies on EUV spectra, CE’s, SP’s and the
plasma’s optical depth have been studied systematically.

In Chapter 1, the efficiency of radiating EUV light of a spherical tin droplet
illuminated by high-energy, 1-µm-wavelength laser pulses is investigated. The em-
ployed pulses are of constant intensity in space and time to homogeneously heat
the plasma. A significant growth of CE and of the overall efficiency in radiating
light is found with increasing laser intensity, droplet size and laser pulse duration.
The increase in the fraction of laser energy that is radiated away by the plasma
is explained by a larger fraction of laser energy absorbed by the plasma, which
can be described by a simple plasma expansion model assuming a constant radial
plasma expansion speed. By using a more optimal ratio of laser beam to droplet
size, promising conversion efficiencies of up to 3.2% are obtained. This 3.2% CE
value combined with the higher wall-plug efficiency of 1-µm solid-state lasers over
CO2 gas lasers may make 1-µm light a feasible drive laser wavelength for EUV light
source applications, challenging current industrial sources on their efficiency of
converting electrical power to in-band energy.

In Chapter 2, the spectral data of Chapter 1 is analyzed in the context of its
optical depth using a one-dimensional, analytical radiation transport model and
changes in optical depth with droplet size and laser pulse duration are quantified.
The model relates any two experimental spectra, allowing one to reproduce all
spectra from any experimental spectrum by means of a single free parameter, the
relative optical depth. Using this model, we find a linear increase of optical depth
with droplet diameter with a slope coefficient that increases with laser pulse du-
ration. With optical depth being the product of the plasma’s opacity, density, and
scale length, the increase in optical depth is interpreted as an increase in effective
plasma scale length. The results from this chapter provide guidance for EUV light
source design, showing that plasma scale length should be kept small to reach the
full CE potential in the case of dense, 1-µm-driven plasma.

In Chapter 3, a change towards a longer solid-state drive laser wavelength is
made, exploring the wavelength regime between the well-known drive-laser cases
of 1 and 10µm. Laser pulses of 2-µm wavelength, produced by a master oscillator
power amplifier system built at ARCNL, are used to create plasma on a planar-solid
tin target. The measurements are then compared to ones using a 1-µm driver in
order to study the change in plasma emission with drive laser wavelength. Via com-
parison of charge-state-specific features in the recorded emission spectra, we find
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that in order to maintain a certain average charge state in the plasma, and with it
the plasma temperature, an inverse linear scaling of drive laser intensity with laser
wavelength is required. In the 2-µm case, a high CE value of 3.1% is measured at an
angle of 60° with respect to the incident laser axis. This value is roughly a factor of
2 higher than the 1-µm case under similar experimental conditions. The two times
higher CE value correlates well to the observed factor of 2 improvement in SP. In
the spectral emission of the 1-µm case, strong absorption of in-band radiation is
observed which explains the origin of a lower SP value in this case compared to the
2-µm case. The absorption of radiation around 13.5 nm is qualitatively explained
using an analytical 1D-radiation transport model comprising two plasma zones of
different temperature and density, where in Chapter 2 a single zone was sufficient.
The high CE and SP for the 2-µm driver highlight its potential in driving plasmas
in EUV light source applications.

After the brief intermezzo on planar-solid targets, we investigate in Chapter 4
the difference in plasma formation and emission between 1- and 2-µm-driven plas-
mas from droplet targets. As in Chapter 3, charge-state-specific features between
the two wavelength cases are compared, confirming the inverse linear scaling of
drive laser intensity with laser wavelength also for the droplet target case. The ex-
perimental results are found to be in agreement with theoretical predictions based
on the plasma’s equation-of-state as well as with results from radiation hydrody-
namic simulations conducted with the RALEF 2D code [17]. These simulations
reveal an inverse scaling of electron density with laser wavelength. The lower den-
sity in the longer drive laser wavelength case is understood from the fraction of
laser energy absorbed via inverse bremsstrahlung, which scales with the product of
plasma density and drive laser wavelength. Lastly, the recorded spectra are investi-
gated in the context of their peak optical depth, using an improved model from that
presented in Chapter 2. A smaller optical depth is found in the 2-µm case and the
reduction in optical depth is traced to the reduction in plasma density. The lower
optical depth and resulting higher SP values for the 2-µm driver combined with its
high coupling efficiency with the plasma again suggest that this wavelength may be
well suited for EUV light source applications, allowing for relatively high CE values
over a wide range of plasma sizes.

Chapter 5 connects all previous chapters by studying the plasma emission from
preformed tin droplets for drive laser wavelengths of 1 and 2µm. In a two-pulse
scheme, spherical tin droplets are first deformed to disk-like targets. These disk-
like targets are then irradiated using a second, higher-intensity laser pulse. We
have studied the influence of target diameter, laser wavelength, laser intensity and
laser pulse duration on EUV spectra, SP’s and CE’s. Surprisingly, high CE values
of up to approximately 3% in the 2-µm-driven plasma are almost independent of
pulse duration and laser intensity within the scanned range. This is a promising
result, indicating that EUV light source power may be scaled via those parameters
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at little to no cost regarding CE. We further find, as in Chapter 1, that CE is strongly
dependent on target size and with it on the fraction of laser energy absorbed by
the target, finding back the CE and SP values of the planar-solid and droplet target
cases as studied in Chapters 3 and 4. Comparing the two drive laser wavelength
cases, we again find strong self-absorption in the 1-µm-driven plasma at large target
sizes, which drastically reduces the attainable CE’s. These results highlight the
potential benefits from the use of a 2-µm drive laser system in EUV light source
applications using mass-limited droplet targets.

In summary, solid-state lasers operating at 1- or 2-µm wavelength show high
potential for use as drive lasers in future generations of EUV light sources. In ad-
dition to the here conducted studies it is of interest to further extend the range
of drive laser wavelengths toward the mid-infrared regime. Even though there
are no high-power solid-state lasers readily available in this wavelength range, ex-
perimental investigations of plasmas produced at these mid-infrared wavelengths
will further deepen the physical understanding of the laser-plasma interaction and
measurements of the plasma’s spectral emission will aid the understanding of radi-
ation transport processes within the plasma. In addition, further investigations are
needed before the possible use of 1- or 2-µm lasers in industrial EUV light sources.
First, a more extensive investigation of the obtainable CE using a 2-µm drive laser
wavelength is needed. This investigation could include, e.g., heating of the tin tar-
gets with a more homogeneous laser intensity profile as was carried out with the
1-µm driver in Chapters 1 and 2. Second, it will be of interest to investigate scaling
relations that capture the laser pulse parameters required to fully evaporate the tin
targets in order to obtain a truly ‘mass-limited’ EUV light source where no tin par-
ticle clusters remain at the end of the EUV-creating laser pulse. For parameter sets
where a full evaporation of the target material is achieved, detailed measurements
of the size of the in-band emitting region and of the resulting ion debris will be
essential to assess the the potential of 1- or 2-µm wavelength drive lasers for use
in industrial EUV light sources.
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ultraviolet light from Nd:YAG-driven
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A. Bayerle, K. S. E. Eikema, S. Witte, W. Ubachs, R. Hoekstra, and O. O. Versolato

Physical Review Applied 12, 014010 (2019)

We experimentally investigate the emission of extreme ultraviolet (EUV) light from
a mass-limited laser-produced plasma over a wide parameter range by varying the
diameter of the targeted tin microdroplets and the pulse duration and energy of the
1-µm-wavelength Nd:YAG drive laser. Combining spectroscopic data with absolute
measurements of the emission into the 2% bandwidth around 13.5 nm relevant
for nanolithographic applications, the plasma’s efficiency in radiating EUV light is
quantified. All observed dependencies of this radiative efficiency on the experi-
mental parameters are successfully captured in a geometrical model featuring the
plasma absorption length as the primary parameter. It is found that laser intensity
is the pertinent parameter setting the plasma temperature and the tin ion charge
state distribution when varying laser pulse energy and duration over almost two
orders of magnitude. These insights enabled to obtain a record-high 3.2% conver-
sion efficiency of laser light into 13.5 nm radiation and to identify paths towards
obtaining even higher efficiencies with 1µm solid-state lasers that may rival those
of current state-of-the-art CO2-laser-driven sources.
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1.1 Introduction

Highly charged tin ions in laser-produced transient plasmas are the atomic sources
of extreme ultraviolet (EUV) light at 13.5 nm wavelength for nanolithography [18–
32]. In state-of-the-art EUV sources such plasmas are produced by irradiation of
micrometer-sized tin droplets with high-power CO2-gas-laser pulses [11, 33, 34]
in a two-step process where first a laser pre-pulse [11, 33–39] shapes the droplet
into a target optimized for EUV production with a second, more energetic pulse.
Key physical processes were reviewed by Banine et al. [31].

Alternatively, solid-state 1-µm-wavelength Nd:YAG laser systems can be used
for plasma creation, offering significant advantages over the 10-µm-wavelength
CO2 drive laser. The advantages include an improved energy efficiency, a signifi-
cantly more compact size at same output power and improved temporal pulse shap-
ing capabilities. Moreover they could enable a single-pulse irradiation scheme. YAG
systems may in fact replace CO2 lasers if the efficiency of converting laser energy
into radiation within a 2% bandwidth around 13.5 nm that can be reflected by
multilayer optics [10, 40] gets sufficiently competitive.

Nd:YAG-driven light sources have a much higher, near complete laser absorp-
tivity due to the strong increase of the critical plasma electron density nc with
decreasing wavelength λ (nc ∝ λ−2). The cross section of the here dominant
[41] inverse bremsstrahlung absorption mechanism strongly increases with elec-
tron density [42, 43]. However, the density increase may cause self-absorption of
the emitted EUV light, leading to opacity-broadened emission [44–47]. In turn,
more light is emitted outside of the accepted bandwidth. Modeling these opacity
effects challenges even the most advanced atomic structure calculations [29] due
to the strongly correlated electronic structure of the multielectron open-4d-shell
tin ions raising the need for experimental investigations.

The literature on Nd:YAG-driven tin plasmamostly deals with the emission from
planar-solid targets [46–57], tin-coated spherical targets [44, 58–62], or liquid-
droplet targets out of tin alloys [63]. The literature covering the emission properties
of laser-produced plasma (LPP) from high-purity tin microdroplets, the industrial
targets of choice, remains scarce [64–66].

Here, we present the results of a systematic investigation of the characteristics
of the EUV spectra of these sources over a wide parameter range, varying the diam-
eter of the targeted, pure tin microdroplets (16–65µm), the laser pulse duration
(0.5–25 ns) and its energy, presented as intensity [(0.1–2.7)× 1011 W/cm2], using
a transmission-grating spectrometer [67, 68]. The combination of this spectro-
scopic data with absolute measurements of the in-band emission in the 2% band-
width around 13.5 nm enables three linked figures of merit to be obtained charac-
terizing the emission from the plasma: spectral purity, conversion efficiency, and
radiative efficiency. Conversion efficiency (CE) is commonly used and represents
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the ratio of EIB,2π over the energy of the drive laser (EL). EIB,2π is the total in-band
radiation emitted into the half sphere back towards the laser that is reflected by
the light collection optics in industrial sources. Spectral purity (SP) is defined as
the ratio of EIB,2π and total EUV energy (Erad,2π) emitted in the same half sphere.
Through basic energy conservation considerations, SP serves as an absolute upper
limit to the conversion efficiency: CE≤ SP, where CE approaches SP only in the case
of light emission solely in the backward-facing half sphere. This limit value is low-
ered by considering that light is also emitted in the opposite, forward-facing half
sphere. Indeed, a more stringent limit of CE≤ SP/2 holds in the case of spherically
symmetric emission [69]. These limits emphasize the importance of spectroscopic
investigations as introduced here.

Considering the application purposes, the radiative efficiency ηrad is defined
as the ratio of Erad,2π to laser energy EL and it thus equals the ratio CE/SP. Sim-
ulation works predict that in total 70% up to 90% of the absorbed laser light is
emitted as radiation [70–72]. For optimal, high-CE source operation both SP and
radiative efficiency should be as high as possible. A further crucial requirement
is that the plasma should create manageable amounts of debris comprising, e.g.,
fragments or high-energy particles that could limit the optics lifetime. Laser energy
not contributing to radiation may instead contribute to generating fast ionic debris.
Possible gains in radiative output power should be carefully measured out against,
e.g., increases in the material load on the optical components. A full quantification
of various debris loads is left for future work.

In order to optimize the three figures of merit of EUV-source operation, we in-
troduce a geometrical model with the plasma-absorption length as its prime param-
eter. The model describes very well the dependencies of ηrad on source parameters
such as droplet size and laser-beam size. Employing these insights, we obtain a
record-high CE of 3.2% and identify paths towards even higher values.

This paper is structured as follows. In Section 1.2 the experimental setup is
introduced, followed by a description of the measurements in Section 1.3. A plasma
expansionmodel is presented in Section 1.4 that is applied to the experimental data
in Section 1.5. In Section 1.6 we apply the found scalings to an industrially relevant
case and close with a discussion of our findings in Section 1.7.

1.2 Experimental setup

Molten Sn of 99.995% purity is pushed through a capillary glass tube with a micro-
meter-sized orifice into a vacuum chamber of 5× 10−7 mbar background pressure.
Plateau-Rayleigh instabilities lead to the breakup of the liquid stream into small
fragment droplets. Evenly sized microdroplets are produced from these fragments
by inducing a pressuremodulation on the liquid stream in the glass tube leading to a
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Figure 1.1: Schematic representation of the experimental setup. The laser beam,
depicted in red, illuminates the falling tin microdroplets (gray spheres). The
produced plasma emission is observed using a transmission-grating spectrometer
(gray box) as well as four EUV photodiode assemblies (gray cylinders) measuring
the absolute amount of produced in-band radiation. All angles θ are indicated
with respect to the laser-beam propagation axis, with cosθ = cosφ cosϕ.

controlled coalescence of the smaller fragment droplets. The resultingmicrodroplet
size, measured using imaging techniques [35, 70], is controlled by variation of the
applied modulation frequency. Modulation frequencies between 3 and 100 kHz
are used resulting in droplets between 65 and 20µm in diameter. Above 100 kHz
the interdroplet spacing is on the order of the laser-beam spot size; therefore, in
order to produce droplets as small as 16µmwith sufficient spacing, we make use of
imperfect coalescence resulting in periodic groups of smaller and bigger droplets.

The droplets travel at 10m/s through a He-Ne laser light sheet scattering the
laser light, which is subsequently detected by a photomultiplier tube and used to
trigger the drive laser and the data-acquisition system at 10Hz. After detection,
the droplet is irradiated by a linearly polarized, high-intensity laser pulse from an
in-house built Nd:YAG laser system seeded at 1064nm [73]. The laser system pro-
duces a flat-top spatial profile and has temporal pulse-shaping capabilities allowing
the production of pulses from 0.4–1000ns duration. All but the 0.5-ns pulse are
box-shaped and their duration is measured as FWHM.

With the purpose ofmaintaining the homogeneous spatial intensity distribution,
the laser beam is imaged from the exit of the amplifier rod onto the droplet. In order
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to match droplet and laser-beam spot size, and to reach the necessary intensities
on the order of 1011 W/cm2, the laser beam is demagnified to 96µm FWHM. Of
the total laser pulse energy, a fraction of 80% falls within the FWHM area. To
obtain an even smaller beam spot size of 56µm, used for measurements described
in Section 1.6, a 3.5-mm aperture is placed in the object plane of the beam. In
both cases, the laser-beam spot is slightly elliptical, with less than 25% difference
between the major and minor axis, and we use the average value of the two axes.
The laser-beam energy is controlled using a combination of a half-wave plate and
a thin-film polarizer without affecting the spatial intensity distribution.

The spectral emission of the produced plasma is observed under an angle of
60° (see Fig. 1.1) using a broadband transmission-grating spectrometer [67, 68].
The spectrometer is operated with an entrance-slit width of 25µm and a 10 000
lines/mm grating obtaining an instrument resolution of 0.1 nm FWHM at 13 nm
[67]. The dispersed light is captured by a back-illuminated CCD from Greateyes
(GE2048 512BI UV1), cooled to −30 °C to reduce thermal noise.

The measured images are cropped and corrected for shear and tilt introduced
by a slight misalignment of slit and grating with respect to the camera pixel array.
Afterwards the images are averaged over the non-dispersive axes and the read-out
noise and dark counts are eliminated by subtracting a dark exposure image (i.e.,
an image obtained using the same exposure time but without plasma present).
Calibration of the dispersive axis is performed using reference spectra entailing
tabulated [74], well-known Al3+ and Al4+ line features between 11 and 16nm. The
calibration spectra are taken after the experiments by irradiating a solid aluminum
target with the Nd:YAG laser at the same position as the droplets. After calibration,
the spectra are corrected for second-order contributions in the wavelength range
above 11nmusing the second-order diffraction efficiency of the grating [68]. Lastly,
the spectra are divided by the first-order diffraction efficiency of the grating as
well as the quantum efficiency of the camera. Since the grating transmission is
not calibrated below 5.5 nm, all SP values in the following are calculated for a
wavelength range of 5.5–25.5 nm. Given the low emission anisotropies observed
over the backward half sphere (see below), spectra obtained under an angle of 60°
are used for SP.

To obtain an absolute measurement of the produced in-band radiation (13.5 nm
±1%), four silicon photodiode assemblies are mounted under angles of 30°, 42°,
64° and 90° (Fig. 1.1). Photodiode measurements are corrected for their respective
solid-angle coverage. These assemblies use Mo/Si multilayer mirrors (MLMs) [10,
40] as found in industrial sources to reflect the in-band part of the radiation onto
the photodiodes. Any remaining optical light reflected by the MLMs is subsequently
removed by a Si/Zr coating on the photodiodes (SXUV100), which is transmissive
for in-band radiation. The response function of all individual components is known,
providing a measure of the absolute amount of produced in-band radiation.
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Figure 1.2: Angular dependency (θ ) of the in-band emission with respect to the laser-
beam axis. Depicted are measurements for the 96-µm laser-beam size. For each
pulse duration, the data from the smallest and biggest droplet sizes are shown
normalized to their maximum values. The dashed blue line is the result of a global
fit of Eq. (1.2).

In order to take into account the emission anisotropy over the backward half
sphere where CE is defined, we integrate the angular dependency f (θ ) of the in-
band emission. For integration the obtained measurements from the photodiodes
in Fig. 1.2 are used, employing the cylindrical symmetry of the system with respect
to the laser beam axis

CE∝
∫ π/2

0

dθ f (θ ) sin(θ ), (1.1)

where the angular dependence f (θ ) of the in-band emission is typically described
by (e.g., Refs. [52] and [75])

f (θ ) = α+ β cosγ(θ ). (1.2)

Fitting Eq. (1.2) to the measured data, we obtain the following values for the fit
parameters: α = 0.82(2), β = 0.17(3), and γ = 0.6(3). From integration we obtain
a value for the anisotropy-corrected CE that is only 5% lower than the value from
the photodiode under 30° angle that we use throughout this paper, extrapolated
assuming isotropic emission.
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1.3 Measurement results

In order to optimize SP and ηrad, and therewith CE, we vary three key parameters
of our LPP source: laser intensity (see Fig. 1.3), laser pulse duration and droplet
size. Following this order, we describe below their impact on the observed spectra
and the values of SP and CE as presented in Fig. 1.4. The trends in the radiative
efficiency, defined as ηrad ≡ CE/SP are described in Section 1.5. It is preceded by
the introduction of a plasma expansion model in Section 1.4 describing the scaling
of ηrad.

Laser intensity

We start by describing the effect of changing the laser intensity using the exam-
ple of a 96-µm-sized, 15-ns-long laser-beam pulse and a 46-µm-diameter droplet.
The intensity, calculated as I = EL/(τπw2) using the laser pulse duration τ and
laser-beam radius w = FWHM/2, is varied over more than 1 order of magnitude
in the range of (0.1–2.7)× 1011 W/cm2 by changing the laser-beam energy. The
normalized emission spectra arising from these experimental conditions are shown
in Fig. 1.3 and in reduced size in Fig. 1.4(a).

The most prominent characteristic observed in Fig. 1.3 is the shift of the main
emission feature from 15nm toward the desired 13.5 nm with increasing laser in-
tensity. This shift is related to the creation of tin ions of higher charge states
(Sn8+–Sn15+) relevant for in-band emission [18, 21, 23, 29]. Additionally, the main
emission feature narrows towards higher intensity, reaching a FWHM of 0.9 nm at
1.4× 1011 W/cm2.

To resolve which charge states are contributing to in-band emission at a given
intensity we look at the short-wavelength emission between 7 and 12nm. As de-
scribed in Refs. [20] and [76], Sn8+–Sn15+ have unique emission features in this
regime stemming from radiative decay out of electronic configurations such as,
e.g., the 4p5 5s in Sn14+ where a 4p core electron is promoted to the 5s subshell.
These configuration lie above the in-band contributing 4p5 4dm+1 + 4p6 4dm−1 4 f
+ 4p6 4dm−1 5p (cf. Fig. 1.3). Using such out-of-band features as diagnostics it is
evident that for the highest laser intensity (2.7× 1011 W/cm2) charge states of at
least up to Sn15+ are present in the plasma.

The above observations relate to the trend in SP values presented in Fig. 1.4(d)
where we see a sharp increase in SP between 0.1 and 0.5× 1011 W/cm2. Above
0.5× 1011 W/cm2 the incline in SP slows down and SP levels off in the range of
(0.8–1.7)× 1011 W/cm2 before it decreases again. The sharp increase in SP is ex-
plained by an increase in average charge state of the plasma causing reduced emis-
sion above 16 nm while favoring in-band emission. At the same time the amount of
short wavelength radiation (below 12nm) increases steadily. Nevertheless, SP con-
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tinues rising due to the narrowing of the main spectral feature at 13.5 nm. Above
1.4× 1011 W/cm2 SP declines very slowly because the main emission peak stops
narrowing while the amount of short wavelength radiation keeps on increasing.
At intensities above 1.7× 1011 W/cm2 the main feature widens again leading to
a more rapid decrease of SP. For the lowest and highest intensities measured an
increasing fraction of the emission is outside the measured or calibrated range,
respectively, slightly increasing the SP.

Even though SP decreases again at higher intensities, CE monotonically in-
creases over the entire intensity range as shown in Fig. 1.4(d), reaching values
up to 1.9%.

Laser pulse duration

In this section we explore the influence of laser pulse duration on the plasma emis-
sion as presented in Fig. 1.4(b). For the measurements we chose an intensity of
1.4× 1011 W/cm2 at which the main emission feature is narrowest and SP is high-
est. The droplet diameter as well as the beam size are left unchanged at 46 and
96µm, respectively.

Upon reducing the laser pulse duration, a narrowing of the main emission peak
at 13.5 nm is visible as well as a reduction of the short and long wavelength radia-
tion. The only exception is the pulse duration of 0.5 ns for which the main feature
widens again and more emission is observed above 16 nm. For all pulse durations
the strong resemblance of the spectra is remarkable indicating that the laser inten-
sity is the pertinent parameter setting the plasma temperature and charge-state
distribution. All spectra show similar features and only small differences are vis-
ible in the relative emission intensity around 8nm as well as in the width of the
dominant feature at 13.5 nm. The widening of the main emission feature can be at-
tributed to changes in optical depth of the plasma induced by the different plasma
sizes for the various laser pulse durations. The larger optical depth causes increased
absorption and re-emission of EUV radiation resulting in the observed broadening
of the spectral features.

Translating these observations into the SP curve in Fig. 1.4(e), we see an in-
crease in SP from 0.5 to 2.5 ns where it reaches its maximum value. Above 2.5 ns
a steady but rather weak decrease from 12% to 8% is visible.

As in the preceding subsection, the measured CE monotonically increases with
pulse duration. In the scanned parameter range a relatively high CE of 2.2% is
reached at 25 ns.
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Figure 1.4: (Figure on previous page) Top row: spectra for tin microdroplets irradi-
ated by (a) various Nd:YAG laser pulse intensities, (b) laser pulse durations, and
(c) droplet sizes. The gray vertical bar depicts a 2% bandwidth around 13.5 nm.
Center row: SPs (here divided by a factor 2 for convenience) and CE correspond-
ing to the spectra above. Bottom row: radiative efficiencies (ηrad ≡ CE/SP) and
the result of a global fit of our plasma expansion model as described in Section 1.5
(solid lines). The gray dashed lines in (g)–(i) depict the geometrical overlap
(R2

0/2w2) of laser beam and droplet for isotropic emission.

Droplet size

Lastly, we show the effect of a change in droplet diameter onto the spectral emission
in Fig. 1.4(c). For the measurements shown a pulse duration of 15 ns was used at an
intensity of 1.4× 1011 W/cm2. Enlarging the droplet diameter leads to increased
relative emission at wavelengths below 13nm while all spectra show strong simi-
larity with respect to their emission features. Again, predominantly the width of
the main emission feature varies and its change can be attributed to changes in the
optical depth of the plasma.

Looking at SP in Fig. 1.4(f), we find a steady decline from 13% at 16µm to 8%
at 58µm diameter. Once more, in contrast to the scaling of SP, CE monotonically
increases over the entire range of droplet diameters.

1.4 Plasma expansion model

For all cases presented in Fig. 1.4, CE increases monotonically with the scanned pa-
rameter, even when SP declines. This behavior can be understood as an increase in
radiative efficiency that counteracts the losses in SP for bigger droplets and longer
pulses. To describe the changes in radiative efficiency with respect to laser inten-
sity, pulse duration, and droplet radius we develop a model taking into account the
increase in laser light absorption due to plasma expansion during the laser irradia-
tion.

In the model, ηrad is proportional to the absorbed laser light assuming that a
constant fraction is lost to plasma kinetics. At time t0 when the laser pulse arrives
at the droplet the absorbed laser light fraction equals the spatial overlap of droplet
and laser beam. At the intensities used, reflectivity can be neglected, resulting in
full absorption within the overlap region [70].

The absorbed laser light leads to ablation and plasma creation beyond a certain
threshold laser intensity [35, 70]. This plasma expands establishing a radial den-
sity gradient around the droplet [70] (see Fig. 1.5). All laser light is absorbed close
to an electron density that is of the order of, but below, the critical electron density
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Figure 1.5: Schematic representation of the laser-produced plasma system. The laser
pulse (orange shaded area) propagating in positive z direction is absorbed by
the liquid Sn droplet of radius R0 (gray sphere). During laser irradiation plasma
is created around the droplet (light gray shaded area) increasing the absorbing
area. The latter expands with a constant velocity v laterally to the laser-beam
propagation direction, increasing the effective radius of absorption to Reff = R0 +
vt.

for the Nd:YAG laser wavelength (nc = 1× 1021 e−/cm3) [41]. With time, the den-
sity contour at which laser light is absorbed moves outwards and the absorptive
area increases. Analogously to Refs. [35] and [77], we introduce a power law, here
for the lateral expansion speed v(I) = a × I b, at which this density contour moves
outwards. The expansion speed is constant over the duration of the laser pulse.
Before the plasma can efficiently emit radiation it needs to be heated to reach the
relevant plasma temperatures. During this time no significant amount of in-band
radiation is emitted implying a lowering of the radiative efficiency. To capture this
effect a plasma heat-up time th is introduced as a multiplicative factor (1− th/τ)
following Ref. [78], where τ is the laser pulse duration. To account for the frac-
tion of laser energy lost to plasma kinetics and into radiation emitted towards the
forward-facing half sphere, we introduce the maximal radiative efficiency ηmax.

Next, we divide the calculation into three cases: (i) R0 + vτ ≤ w; (ii) R0 +
vτ > w; (iii) R0 ≥ w. In case (i), the droplet is initially smaller than the beam
and the absorbing area expands during the laser irradiation, but will not exceed
the laser-beam size during the pulse. In case (ii), the droplet is smaller than the
beam but the absorbing surface exceeds the laser-beam size before the laser pulse
ends. In this case we neglect any expansion beyond time tw = (w − R0)/v when
the absorbing surface exceeds the laser beam because from thereon full overlap
of laser and plasma is reached. In the most extreme case (iii), the liquid droplet
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itself is already larger than the beam leading to unity absorption during the entire
laser pulse duration. These considerations lead to the following smooth, continuous
global fit function:
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There are only three main free fit parameters, being ηmax, th, and v, where the
latter is, in turn composed of two free fit parameters a and b (relevant only for the
laser-intensity dependency).

1.5 Model fit and discussion

The obtained radiative efficiencies are presented in Fig. 1.4(g)–1.4(i) and ourmodel
can be used to understand the monotonous nature of their rise with all varied pa-
rameters. The result of a single, global fit of our model (see Eq. (1.3)) to all experi-
mental data related to the variation of the laser pulse duration and droplet diameter
is depicted in Fig. 1.4(h) and 1.4(i), where all data is taken at a constant intensity
of 1.4× 1011 W/cm2. An excellent agreement between model and experiment is
obtained. From the fit a plasma expansion velocity v = 0.9(1)µm/ns, a maximal
radiative efficiency of ηmax = 49(2)% and a plasma heat-up time th = 0.34(2)ns
are retrieved. The radiative efficiency from the geometrical laser-droplet overlap,
without considering the expanding plasma, is given by R2

0/2w2 for isotropic emis-
sion shown as dashed lines in Fig. 1.4(g)–1.4(i).

The plasma heat-up time th agrees well with the 0.4 ns calculated in Ref. [79]
for Nd:YAG-produced Sn plasmas of about 30-eV temperature. However, further
transient effects in the plasma due to, e.g., the finite rise and fall times that are a
dominant part of the shortest pulse, cannot be excluded. Given its small, sub-ns
value, th has negligible impact on radiative efficiency except for the shortest, 0.5-ns
pulse-duration case.

The fitted value of the maximal radiative efficiency of 49% (with a highest ex-
perimentally obtained value of approximately 35%) comes close to the maximally
possible value of 50% in the case of isotropic emission. As energy is invariably
lost through other processes such as ionization and plasma kinetics, we conclude
that a finite anisotropy conveniently causes a preferred emission of light into the
backwards half sphere as also indicated, e.g., in Ref. [66].
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O’Shay et al. [71] estimated the total amount of radiated energy from a tin LPP
in 4π steradian to be on the order of 90% of the absorbed laser energy. Tillack et
al. [72] simulated the energy balance of spherical tin targets and concluded that
about 70% of the energy is converted into radiation. This is in broad agreement
with the 70–80% estimate from the simulations presented in Ref. [70]. Combining
our fit value with this approximately 80% theory value we conclude that approxi-
mately 30% of the laser light is converted into radiation emitted in the forward half
sphere. The in-band emission anisotropy in Fig. 1.2 also evidences a slight prefer-
ence for backward emission. These findings are further supported by Refs. [64]
and [65]. Our CE results are consistent with those obtained in Ref. [64] taking
into account the droplet and beam spot sizes used.

The expansion velocity obtained from the fit agrees well with those inferred
from radiation hydrodynamic simulations [70]. In that work, a 46-µm-diameter
droplet was irradiated by a 115-µm FHWM Gaussian Nd:YAG laser beam at an av-
erage intensity of 1.3× 1011 W/cm2. A dominant, 80% fraction of the laser light is
absorbed in the region close to but before the critical surface [41]. Lateral expan-
sion speeds on the order of v ∼ 1µm/ns resulted from the simulations for densities
approximately (0.1–0.5)nc.

Using the global fit values for ηmax and th, we next apply and fit our model to the
laser-intensity dependency in Fig. 1.4(g). Again, an excellent agreement is found
between model and experiment, obtaining the parameter values a = 0.69(5) and
b = 0.8(1). This near-linear dependence of v on I is in line with the simulation
data underpinning Ref. [70]. We note that th may also depend on intensity but its
contribution to the 15-ns pulse-duration case is marginal and completely removing
th from Eq. (1.3), in fact, does not significantly change the obtained values for the
expansion velocity parameters a, b.

In conclusion, we can describe the scaling of the radiative efficiency with all
studied parameters by a model describing the increase of laser absorption with
plasma expansion. Excellent overall agreement between model and experimental
data is obtained. We note that in our current investigations the effective radius
Reff = R0 + vτ remained below the beam radius w corresponding to case (i) in
Eq. (1.3). The finite ellipticity of the laser-beam spot is not expected to signifi-
cantly influence the measurements as the plasma expansion does neither exceed
minor nor major axis. Values above our experimental maximum of 35%, possibly
nearing 50%, appear to be feasible. Thus, in order to obtain high CE, a set of pa-
rameters needs to be found where a high value for SP is achieved while optimizing
the absorbed fraction of laser light, or radiative efficiency. Changing the beam size
in the following section enables us to probe beyond model case (i) and maximize
radiative efficiency.
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1.6 Increasing radiative efficiency

In order to increase the radiative efficiency, and with it CE, the laser-beam size is
reduced to 56µm. As before, the beam-to-droplet overlap is scanned by changing
droplet size (Fig. 1.6). The laser intensity is set to an optimal 1.4× 1011 W/cm2

for SP and the laser pulse duration to 15 ns. The spectra for the small beam spot
size in Fig. 1.6(a) show a small but significant broadening of the main emission
feature on its long wavelength side with a corresponding systematic reduction of
SP in Fig. 1.6(b). This may be related to an absence of heating of the outer plasma
layers beyond 56µm.

A considerable overall increase in CE is obtained for all droplet sizes. It mono-
tonically rises with the droplet diameter reaching a record-high value of 3.2%. We
note that the ever more slowly decreasing values for SP/2 and increasing CE ap-
pear to converge to a common value. This intriguing observation indicates that the
limit CE≤ SP/2, strictly valid only for isotropic emission [69], may provide a good
estimate for the maximally reachable CE value of the plasma source.

Over the entire range measured, the radiative efficiency is monotonically in-
creasing and significantly higher than for the 96-µm laser beam (see Fig. 1.6(c)).
Comparing the small-beam measurements to the model results of Section 1.5, we
plot Eq. (1.3) using the values for v and th as determined from the global fit in
Fig. 1.4. We set the beam spot size to 56µm leaving only ηrad as a free fit param-
eter. The model fit shown with the dashed-dotted line in Fig. 1.6(c) is in excellent
agreement with the experimental data. The obtained value for ηmax = 42(1)% is
slightly lower than before, although within systematic uncertainties of determining
beam spot and droplet size. The regime probed by these small-beam measurement
includes model cases (ii) and (iii) that are not reachable in Section 1.5. In these
cases, the laser beam does not directly heat the laterally expanding high-density
plasma at radii Reff > w, which may affect ηrad through differences in the energy
partitioning between forward and backward emission, and plasma kinetics. Fur-
ther, the finite ellipticity of the laser-beam spot may slightly influence the measure-
ments as the plasma expansion in these cases (ii) and (iii) exceeds major and minor
axis over the scanned parameter range.

Aside from the already explored reduction of laser beam-spot and increase of
droplet size to improve ηrad, our model shows that laser pulses of even longer du-
ration could also be employed to compensate for a geometrical mismatch. For all
three solutions, increases in ηrad are partially offset by a decrease in SP. Given
the limit conditions CE≤SP or the apt CE≤SP/2, any global approach to source
optimization needs to maximize both SP and the laser-plasma overlap captured
by ηrad. Based on these considerations and our spectroscopic measurements in
Fig. 1.6(a) from which we obtain values for SP above 12%, conversion efficiencies
of CE=SP/2=6%may in fact be achievable. These values would rival those of cur-
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Figure 1.6: (a) Spectra for two droplet sizes and two laser-beam sizes (see main text)
at a laser intensity of 1.4× 1011 W/cm2; (b) values for SP/2 and CE versus droplet
diameter for the two laser-beam sizes; (c) radiative efficiency versus droplet di-
ameter for the two laser-beam sizes. The dash-dotted and solid lines represent
the model curves. For the 56-µm laser beam, the regimes corresponding to the
three model cases (i)–(iii) of Eq. (1.3) are highlighted by the vertical dashed lines
(see main text).
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rent CO2-laser-driven sources. To obtain such efficiencies, the observed systematic
decrease of SP with decreasing beam size needs to be negated. The model points
towards another class of solutions including maximizing ηrad by using a separate
laser ‘pre-pulse’ to predeform the microdoplet into a disk shape [11, 33–39] that
closely matches the applied ‘main’ laser beam-spot size.

1.7 Conclusion

We experimentally investigate the emission of EUV light from Nd:YAG laser-pro-
duced plasma over a wide parameter range, varying the laser energy, its pulse dura-
tion, and the size of the tin microdroplets. Spectroscopic measurements combined
with absolute measurements of the emission into a 2% bandwidth around 13.5 nm
allow us to obtain the scaling of three coupled parameters: the spectral purity SP,
the conversion efficiency CE, and the radiative efficiency ηrad expressed as the ra-
tio CE/SP. We successfully capture all observed scalings of ηrad in a geometrical
model featuring the plasma absorption length as the pertinent parameter. Using
a smaller laser-beam spot size, approaching the size of the droplets, we obtain a
record-high 3.2% conversion efficiency of laser light into in-band radiation. Energy
conservation considerations bind the maximum value of CE to SP/2 for isotropic
emission, and our measurements strongly hint at the convergence of CE towards
this theoretical limit. A 6% conversion efficiency value may thus be achievable in
future experiments that should also quantify and compare the debris produced by
Nd:YAG laser-produced plasma sources to industrial ones using CO2 lasers. High
values for the key parameter, the conversion efficiency, are indeed obtainable from
a single 1-µm-laser-pulse irradiation scheme. Combining these high conversion
efficiency values with the advantages of reduced footprint, beneficial wall-plug ef-
ficiency, and laser stability this work enhances the prospects that Nd:YAG-driven
LPP light sources will find application in EUV nanolithography.
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Experimental scaling relations of optical depth are presented for the emission spec-
tra of a tin-droplet-based, 1-µm-laser-produced plasma source of extreme ultravi-
olet (EUV) light. The observed changes in the complex spectral emission of the
plasma over a wide range of droplet diameters (16–65µm) and laser pulse dura-
tions (5–25 ns) are accurately captured in a scaling relation featuring the optical
depth of the plasma as a single, pertinent parameter. The scans were performed at
a constant laser intensity of 1.4× 1011 W/cm2, which maximizes the emission in a
2% bandwidth around 13.5 nm relative to the total spectral energy, the bandwidth
relevant for industrial EUV lithography. Using a one-dimensional radiation trans-
port model, the relative optical depth of the plasma is found to linearly increase
with droplet size with a slope that increases with the laser pulse duration. For small
droplets and short laser pulses, the fraction of light emitted in the 2% bandwidth
around 13.5 nm relative to the total spectral energy is shown to reach high values
of more than 14% which may enable conversion efficiencies of Nd:YAG laser light
into—industrially—useful EUV radiation rivalling those of current state-of-the-art
CO2-laser-driven sources.
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2.1 Introduction

The semiconductor industry is currently moving from deep-ultraviolet to extreme
ultraviolet (EUV) lithography for high-volume manufacturing of the next genera-
tion of microelectronics where the shorter wavelength of the EUV radiation enables
further miniaturization. The light sources of choice for the nanolithographic appli-
cations are laser-produced plasmas (LPPs) [11, 18–32, 80–82]. In these sources,
tens-of-micrometer-sized tin droplets are irradiated by high-intensity (1010 W/cm2)
laser pulses, in order to generate a high-density (1019 e−/cm3) plasma that effi-
ciently emits EUV radiation [83]. Tin is used because several of its charge states
have strong dipole transitions such as the 4d–4 f , 4p–4d, and 4d–5p arrays in Sn8+–
Sn15+ which strongly emit around 13.5 nm [18, 27], a wavelength that matches the
peak reflectivity of available Mo/Si multilayer optics [10, 40] used in state-of-the-
art EUV-lithography. The light of interest within a 2% bandwidth around 13.5 nm
is referred to as in-band radiation.

Currently, CO2-gas lasers operating at 10µm wavelength are used to drive the
EUV-emitting plasma, but with further developments regarding their output power,
YAG solid-state lasers operating at 1µm may become a viable alternative in the fu-
ture. YAG laser systems provide a smaller footprint, a significantly higher efficiency
in converting electrical power to laser light, and excellent temporal pulse shaping
capabilities. The shorter 1µm wavelength of YAG lasers gives rise to a 100 times
higher critical plasma density (ncrit∝ λ−2) compared to CO2-laser-driven plasmas,
and higher laser intensities of typically 1011 W/cm2 are needed to efficiently pro-
duce in-band radiation. The higher critical density results in a much higher, nearly
complete absorption of the laser light by the tin target through the mechanism of
inverse bremsstrahlung [42, 69]. A possible adverse effect of the higher critical
plasma density is the creation of EUV radiation in plasma regions of higher density
and high opacity. Significant self-absorption of the emitted radiation can lead to a
broadening of the spectral emission out of the 2% bandwidth of interest, thus re-
ducing the spectral purity (SP) of the EUV plasma source [44–47]. SP is defined as
the ratio of in-band energy (EIB,2π) over the total EUV energy (Erad,2π) emitted into
the hemisphere back toward the laser that is covered by multilayer optics in indus-
trial sources. Conversion efficiency CE is defined as the ratio of the total produced
in-band energy Erad,2π and the total incident laser energy. Considering conserva-
tion of energy, SP represents the absolute upper limit to the conversion efficiency:
CE≤ SP, where CE approaches SP only if all light is emitted in the backward-facing
2π steradian and no laser energy is converted into other energy channels such as
kinetic energy of charged particles [84]. A more stringent limit of CE ≤ SP/2 is
found in the case of spherically symmetric emission [69]. Given the importance of
SP as indicator for source performance, its scaling with relevant source parameters
such as tin-droplet size, laser pulse duration and laser beam spot size needs to be
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quantified and understood. The existing literature on Nd:YAG-laser-driven plasma
from high-purity tin microdroplets [64–66], the industrial targets of choice, mainly
focuses on the integrated amount of produced in-band emission rather than on the
spectral properties of the plasma, despite the importance of SP.

In this Letter, a systematic study of the influence of droplet size and laser pulse
duration on the emission spectrum of a droplet-based, Nd:YAG-driven EUV source
is presented. An analytical solution for radiation transport in an optically thick one-
dimensional plasma is used to quantify opacity driven broadening of key emission
features.

2.2 Experiment

In the experiment, spherical micrometer-sized liquid tin droplets were irradiated
with high-intensity laser pulses from a Nd:YAG laser system[73] operated at 1064
nm as described in Ref. [35] and [84]. The laser pulse was temporally box shaped
and of adjustable duration. It had a spatially flat-top shape of 96µm diameter to
homogeneously heat the plasma. The spectral emission from the plasma was ob-
served with a transmission grating spectrometer [68] under 60° with respect to the
incoming laser beam. The measured spectra were corrected for the grating’s first
and second order diffraction efficiency as well as for the quantum efficiency of the
camera. After correction, the SP values were calculated with respect to the mea-
sured spectral range of 5.5–25.5 nm. The wavelength was calibrated in a separate
experiment using atomic line emission from an aluminum plasma. Using a laser
intensity of 1.4× 1011 W/cm2 at which SP is optimal [84], two sets of experiments
were conducted.

First, spectra were measured for several laser pulse durations within the range
of 5–25 ns while keeping the droplet size fixed at 46µm. As seen in Fig. 2.1(a), the
main emission feature at 13.5 nm broadens for longer laser pulse duration, while
all other spectral emission features stay remarkably similar even though the laser
pulse duration was varied by a factor of five. This indicates that laser intensity is the
pertinent parameter of the investigated LPP determining charge state distribution
and temperature of the plasma [84, 85].

Second, spectra were measured for various droplet sizes in the range of 16–
65µm at constant laser pulse durations of 5, 15 and 25ns. Spectra for the 15-ns
case are shown in Fig. 2.1(b). A striking similarity in spectral structure is observed
among plasmas formed on droplets of various sizes. With increasing droplet size,
the main spectral feature at 13.5 nm broadens and the short-wavelength radiation
between 5.5 and 12nm increases in intensity relative to the main emission feature.
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Figure 2.1: Selection of emission spectra of Nd:YAG-laser-produced plasma from tin
microdroplets irradiated at a constant laser intensity of I = 1.4× 1011 W/cm2

while varying either (a) the laser pulse duration or (b) the droplet diameter.

2.3 Methods

The observed broadening of spectral features for increased pulse duration and
droplet size, illustrated in Fig. 2.1, can be connected to an increase in the optical
depth of the emitting plasma. The spectral radiance Lλ of a plasma with significant
absorption and re-emission can be calculated using the equation of radiation trans-
port. The subscript λ indicates the wavelength dependency of Lλ. The solution for
a homogeneous one-dimensional plasma can be given in analytic form [86]

Lλ = Sλ
�

1− e−τλ
�

, (2.1)
where Sλ = jλ/αλ is the source function defined by the ratio of emissivity jλ and
the absorptivity αλ. Opacity is given by κλ = αλ/ni, where ni is the ion density.
In local thermodynamic equilibrium (LTE), where the atomic levels are thermally
populated, the source function Sλ equals the Planck blackbody function Bλ. We as-
sume that such LTE holds for the high-density, strongly collisional Nd:YAG-driven
plasma. In the exponent, τλ is the wavelength-specific optical depth given by
τλ =

∫

αλd x , where the absorptivity αλ is integrated over the plasma length. Re-
arranging Eq. (2.1) the optical depth of the observed plasma can be obtained from
its spectral radiance via
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τλ = − ln
�

1−
Lλ
Bλ

�

, (2.2)

with the relative spectral radiance Lλ/Bλ. The optical depth of plasmas of same
temperature and density can only differ by a wavelength-independent factor ai ,
here referred to as the relative optical depth, relating the plasmas’ optical depths
via τλ,i = ai τλ,0. It follows from Eq. (2.2) that

Lλ,i

Bλ
= 1−

�

1−
Lλ,0

Bλ

�ai

. (2.3)

It is instructive to use Eq. (2.3) to interpret the observed spectral changes, hy-
pothesizing that plasma length scale is the pertinent parameter. At the wavelength
λp of peak radiance near 13.5 nm, the optical depth typically has high values as
follows from the work of Colgan et al. [29]. Their calculation results indicate a
peak opacity value of ∼5× 105 cm2/g at a relevant 0.01 g/cm3 ion density. Thus,
taking a reasonable 20µm plasma length [69], we deduce a typical value τλp

≈ 10.
Next, as the plasma is heated under conditions of a spatially homogeneous laser
illumination at constant intensity we can ascribe to it a single, constant temper-
ature. The entire plasma surface thus has a radiance Lλi

(in units of W sr−1 m−2

Hz−1) that is constant over the duration of the laser pulse. The observed spectra
Oλ,i can be related to Lλi

by further realizing that an opaque plasma will have a
spectral radiance equal to that of a blackbody Bλ,p as here at 13.5-nm wavelength
(τλp

≈ 10). Thus, we equate Oλ,p/Bλ,p := 1= Lλ,p/Bλ,p.
Using Eq. (2.3) any spectrum can be expressed in terms of any other spectrum

via the relative optical depth ai . The value of ai can be obtained with respect to a
chosen reference spectrum from a fit of Eq. (2.3) to the relative spectral radiance
Lλ,i/Bλ. As reference, for which ai = 1, the relative spectral radiance Lλ,0/Bλ of the
spectrum with the narrowest main emission feature is used in the following, i.e.,
the one measured at 5 ns pulse duration and 16µm droplet size. Typical literature
values for the electron temperatures at which Nd:YAG LPPs most efficiently emit
in-band radiation vary between 28 and 40 eV [29, 69, 79, 87]. A temperature
in the center of this range of 34 eV is chosen for Bλ for all spectra. A common
temperature is used because the laser intensity, which sets the effective plasma
temperature, remains constant for all measurements. Variation of the blackbody
temperature within the stated limits changes the fitted relative optical depth (see
below) by less than 3%.
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Figure 2.2: Relative spectral radiance Lλ,i/Bλ of experimental spectra taken at
constant laser intensity but various laser pulse durations and droplet sizes (cf.
Fig. 2.1). The relative spectral radiances are plotted as dotted curves with respect
to the one of a reference spectrum Lλ,0/Bλ obtained at 5 ns laser pulse duration
and 16µm droplet diameter where the main emission feature at 13.5 nm is nar-
rowest. For the blackbody function Bλ a temperature of 34 eV was used. The solid
lines depict fits of Eq. (2.3) to the data featuring the relative optical depth ai as
single free fit parameter.

2.4 Results

Fig. 2.2 shows example data for Lλ,i/Bλ versus Lλ,0/Bλ for a wide range of droplet
sizes and pulse durations. Excellent agreement of data and model fit is observed,
featuring the relative optical depth ai as single free fit parameter.

The values of the relative optical depth ai as obtained from the procedure shown
in Fig. 2.2 enable reproduction of spectra measured for other droplet sizes and laser
pulse durations by radiation transport of the reference spectrum. Inserting the rela-
tive optical depth obtained from the fits into Eq. (2.3) andmultiplying by Bλ leads to
an excellent reproduction of experimental spectra as seen in Fig. 2.3(a) and 2.3(b).
This is especially true for themain emission feature around 13.5 nm. When compar-
ing the transported spectrum in the short-wavelength region between 5 and 12nm,
minor differences are visible. The differences are very small for increasing pulse du-
ration in Fig. 2.3(a) and become slightly more pronounced for increasing droplet
size in Fig. 2.3(b). This may be explained by changes in the plasma other than a
simple linear optical depth such as emission from a multitemperature plasma or a
slight dependence of plasma charge state distribution with droplet size and pulse
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Figure 2.3: Comparison of the reference spectrum and radiation transported refer-
ence spectrum with the measured spectra. The reference spectrum was trans-
ported using Eq. (2.3) together with the relative optical depth as determined in
Fig. 2.2. (a) Increasing laser pulse duration (b) Increasing laser pulse duration
and droplet size. An additional spectrum is shown measured at lower laser inten-
sity of 1.1× 1011 W/cm2 providing a better match with the radiation transported
spectrum in the 5–12 nm range.

duration. Comparison of the relative intensities of the short-wavelength features
suggests that the average charge state slightly increases with droplet size [76, 84].
To account for a possibly higher average charge state of the plasma at longer pulse
duration and larger droplet size, the scaled reference spectrum may instead be
compared to spectra taken at lower laser intensity. Indeed, comparing to spectra
taken at a laser intensity of 1.1× 1011 W/cm2 shows excellent agreement over the
entire spectral range measured. We thus observe that the short-wavelength band
between 5 and 12nm is a much more sensitive probe to the emission properties of
Sn LPPs than the main emission feature at 13.5 nm.

In Fig. 2.4(a) the fitted values for spectra of all pulse durations and droplet
sizes are summarized. The relative optical depth ai appears to scale linearly with
droplet radius and to strongly depend on the pulse duration. Linear fits are in
good agreement with the data and converge to a common intercept of ∼0.7 at zero
droplet diameter. The slope coefficients monotonically increase with pulse duration
from 0.017 to 0.025 and 0.030µm−1 for 5, 15 and 25ns, respectively.
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Figure 2.4: (a) Dependency of the relative optical depth ai on the droplet diameter
for various laser pulse durations as obtained, e.g., in Fig. 2.2. The solid lines show
a linear extrapolation of the data toward zero droplet size. (b) Experimental val-
ues for spectral purity (SP5.5−25.5nm) versus relative optical depth. The dashed line
represents SP5.5−25.5nm as calculated from the radiation transported reference spec-
trum. The open diamond symbol indicates the SP5.5−25.5nm value of the radiation
transported reference spectrum for a relative optical depth parameter ai = 0.6, a
value obtained from comparison of the radiation transported reference spectrum
with the emission of the CO2-laser-driven plasma as shown in Fig. 2.5 (see text).

Having identified the optical depth as the pertinent scaling parameter for
Nd:YAG-laser-produced tin plasmas the spectral purity of the emission spectrum
is related to it in Fig. 2.4(b). Using this scaling all experimental SP5.5−25.5nm val-
ues, calculated over a range of 5.5–25.5 nm as denoted in the subscript, collapse
onto the gray dashed curve obtained by calculating the SP5.5−25.5nm of the radiation
transported reference spectrum.

It is instructive to compare the SP5.5−25.5nm scaling captured by the gray dashed
curve with the SP value of spectra from a state-of-the-art, CO2-laser-driven EUV
source. Such CO2-laser-driven plasmas may be expected to have small optical
depths τ < 1 and thus less broadening, considering the 100-fold decrease in crit-
ical density compared to the Nd:YAG case. These CO2-laser-driven sources are,
in general, characterized by relatively high SP and CE values. The spectrum was
obtained (see Fig. 2.5) by pre-deforming a droplet by a low-intensity CO2 laser pre-
pulse, leading to a disk-shaped target of approximately 200µm in diameter. The
flat target was subsequently irradiated by a high-intensity, 100 ns, 320mJ main
pulse with a beam size that matched the target to produce EUV radiation. In this
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Figure 2.5: Comparison of the transported reference spectrum using Eq. (2.3) with
ai = 0.6 and the spectral emission from a CO2-laser-driven plasma.

case, the spectrum was taken over a wavelength band spanning 6.8–16.7 nm. The
fraction of light emitted in the 2% bandwidth around 13.5 nm relative to the total
spectral energy in this measured bandwidth is SP6.8nm−16.7nm = 23%. For a relative
optical depth ai = 0.6, the Nd:YAG reference spectrum is found to closely match this
SP6.8nm−16.7nm performance (also see Fig. 2.5). Over the extended wavelength band
of 5.5–25.5 nm that defines SP in this work, this scaled Nd:YAG LPP spectrum has
SP5.5−25.5nm = 16.5% (open diamond symbol in Fig. 2.4(b)). The reference spec-
trum for ai = 0.6 closely resembles the CO2 spectrum. This is a remarkable finding
as the plasma conditions for the two cases are vastly different and the conditions
of LTE and τ� 1 required for the procedure outlined in this work are not met for
the CO2 case.

Calculating the maximally obtainable conversion efficiency via CE = SP/2 [69,
84] a significantly higher CE value is expected for CO2-driven LPPs, given its higher
SP. However, accounting for the fraction of laser light ε absorbed by the tin target—
near unity (> 0.9 [70]) for the case of 1µm radiation, while about 0.7 for 10µm
light [88]—both drive laser cases may indeed have about the same conversion ef-
ficiency limit of CE = εSP5.5−25.5nm/2 ≈ 6% making 1µm solid-state lasers a viable
alternative as source drive lasers. Naturally, the maximum obtainable CE depends
not only on the emission spectrum as there are further significant contributions to
the total energy balance, aside from a finite emission anisotropy. Examples include
plasma kinetics, ionization energy, as well as contributions from plasma emission
outside the 5.5–25.5 nm range. A careful comparison of this total energy balance
is required between the CO2 and Nd:YAG drive laser cases. Further, a central re-
quirement is the creation of manageable amounts of debris from the plasma. This
entails, among others, fragments or high-energy particles that could reduce optics
lifetime. Laser energy not contributing to radiation may instead lead to the produc-
tion of fast ionic debris and possible gains in spectral purity and radiative output
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power should be carefully weighed out against, e.g., increases in the tin load on
the optical components. A full quantification of the loads of various debris is left
for future work.

2.5 Conclusion

In conclusion, optical depth is established to be the pertinent scaling parameter in
high-density laser-produced plasmas from tin-microdroplets. Observed changes in
the experimental emission spectra from plasmas of various droplet sizes as well as
various laser pulse durations are remarkably well described using a one-dimensional
radiation transport equation featuring the relative optical depth of the plasma as
sole parameter. The excellent description of the experimental data by the model
suggests that a dominant fraction of the EUV emission may be produced in a single-
density, single-temperature region of the plasma because the underlying opacity
does not appear to change. The here established scaling with optical depth indi-
cates that Nd:YAG LPPs may suffer from strong absorption and re-emission signifi-
cantly redistributing the spectral energy into wavelength-bands other than 13.5 nm
in case of large plasma size. Therefore, the optical depth of these light sources
needs to be minimized to reach highest SP values which can be done by reduction
of laser pulse duration and droplet size. In such optimized cases, and accounting
for the difference in laser absorptivity, CE values of Nd:YAG-driven plasma may
well rival those of state-of-the-art CO2-driven plasma sources.
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An experimental study of laser-produced plasmas is performed by irradiating a pla-
nar tin target by laser pulses, of 4.8 ns duration, produced from a KTP-based 2-µm-
wavelength master oscillator power amplifier. Comparative spectroscopic investi-
gations are performed for plasmas driven by 1-µm- and 2-µm-wavelength pulsed
lasers, over a wide range of laser intensities spanning (0.5–5)× 1011 W/cm2. Simi-
lar extreme ultraviolet spectra in the 5.5–25.5 nmwavelength range and underlying
plasma ionicities are obtained when the intensity ratio is kept fixed at I1µm/I2µm =
2.4(7). Crucially, the conversion efficiency of 2-µm-laser energy into radiation in
the industrially relevant 2% bandwidth centered at 13.5 nm is found to be a factor
of two larger, at a representative 60◦ observation angle, than in the case of the
denser 1-µm-laser-driven plasma.
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3.1 Introduction

Extreme ultraviolet (EUV) lithography has successfully entered high-volume man-
ufacturing, enabling the continued miniaturization of semiconductor devices. The
required EUV light is generated from mass-limited tin-microdroplet laser-produced
plasma (LPP) [11, 12, 80, 82, 83]. Multiply-charged tin plasma ions are the atomic
sources of EUV radiation near 13.5 nm wavelength [12, 18, 19, 23, 24, 27, 29, 30].
Currently, CO2-gas lasers operating at λ = 10.6µm wavelength are used to drive
the EUV-emitting plasma at a high conversion efficiency (CE) of laser energy into
in-band radiation, i.e., in a 2% wavelength bandwidth centered at 13.5 nm emit-
ted into the hemisphere back towards the laser that is relevant for state-of-the-art
EUV lithography. Solid-state lasers, operating at near- or mid-infraredwavelengths,
may however become a viable alternative in the future. Such laser systems would
potentially provide a smaller footprint, a significantly higher efficiency in convert-
ing electrical power to laser light, and may be scaled to much higher pulse ener-
gies and output powers which will enable even more powerful EUV light sources.
However, the shorter drive laser wavelength of, e.g., the well-known Nd:YAG laser
(1.064µm) is associated with large optical depths originating from a high critical
plasma density [80]. Large optical depths may strongly limit the efficiency of such
Nd:YAG-driven sources as opacity effects broaden the EUV spectrum well beyond
the 2% wavelength acceptance bandwidth, thus reducing the spectral purity (SP)
of the EUV plasma source [44–47, 62, 84, 89, 90]. SP is defined here as the ra-
tio of in-band EUV energy to the total energy emitted in the 5.5–25.5 nm range.
Simulation efforts indicate that a global optimum of the efficiency of converting
drive laser light into useful EUV radiation lies in between the well-known 1- and
10-µm cases [91]. In this range, thulium lasers, operating at 1.9-µm wavelength,
appear promising [16]. However, no experimental studies of plasmas driven by
lasers in this wavelength range, under conditions relevant for EUV emission, are
yet available. In this work we present a study of the EUV emission spectrum of a
2-µm-wavelength-LPP generated from a planar-solid tin target. The laser light is
obtained from a master oscillator power amplifier (MOPA) based on a series of KTP
crystals pumped by a Nd:YAG laser. This setup enables assessing the potential of
thulium lasers without the expense of building and fielding one. The obtained EUV
spectra and CE are compared to those obtained from Nd:YAG-LPP under otherwise
very similar conditions.
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3.2 Experimental setup

In this work we present an experimental study of an LPP generated by illuminat-
ing a planar-solid tin target of 99.995% purity with lasers having wavelengths of
1µm and 2µm. The target is mounted on a two-axis translation stage inside a vac-
uum chamber pumped to 1× 10−6 mbar. The target is moved after illumination by
two laser pulses to prevent crater formation influencing the EUV emission. Spectral
emission in the 5–25 nm range is recorded by means of a transmission grating spec-
trometer positioned at 60 degrees with respect to the incoming laser (see Fig. 3.1).
The spectrometer is operated with a slit width of 25µm and a 10000 lines/mm
grating. The dispersed light is collected on a back-illuminated charge coupled de-
vice and is post-processed, correcting for the camera’s quantum efficiency and grat-
ing dispersion efficiency. More details on the spectrometer and post-processing of
the images are provided in Ref. [68] and [84]. To obtain the absolute amount of
EUV radiation emitted in a 2% bandwidth around 13.5 nm, a calibrated EUV pho-
todiode assembly [84] is used. It is installed at an angle of −60°, mirroring the
alignment of the spectrometer, see Fig. 3.1(a). This photodiode assembly consists
of a Mo/Si multilayer mirror that reflects the in-band radiation onto a photodiode.
The photodiode is coated with a Si/Zr coating in order to block infrared light.

The 2-µm light source comprises a KTP-based MOPA operated in type-2 phase
matching following the approach of Arisholm et al. [92]. TheMOPA setup is pumped
at a 10Hz repetition rate by a seeded Q-switched Nd:YAG laser (Quanta-Ray 250-
10 PRO) providing pulses of 10 ns duration (at full width at half maximum, FWHM).
First, a 2170nm idler seed beam of 1.8mJ energy is created in a singly-resonant
optical parametric oscillator (OPO). To create this seed beam, 18mJ of the pump
light is demagnified to a beam diameter of 1.5mm and is coupled into the OPO
which is operated in a collinear alignment. About 20% of the pump radiation is
converted into a 2090-nm-wavelength signal beam and a 2170nm idler beam. At
the exit of the OPO a dichroic mirror separates the signal and idler beams from the
remaining pump radiation. The idler beam is subsequently expanded to 11mm in
diameter to seed the OPA, while the signal beam is removed through polarization
optics. The OPO and OPA are pumped by the same laser. To achieve the highest ef-
ficiency in the OPA, 1.3 J of the pump laser light is delayed by 1.3 ns and is reduced
to a beam size of 10mm in diameter. Seed and pump beams are overlapped on a
dichroic mirror after which they pass three 18-mm-long KTP crystals. The crystal
orientation is alternated to compensate for walk-off. A total energy of 260mJ is
achieved in signal and idler combined. Pump and signal beams are separated from
the idler using a dichroic mirror and polarization optics, respectively. To adjust the
idler beam energy a combination of half-wave plate and polarizer is installed before
it is focused onto the tin target. The size of the focal spot is 72×128µm (FWHM).
The asymmetry in the focal spot size is caused by the slightly higher beam quality
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Figure 3.1: (a) Schematic representation of the experimental setup. A master oscil-
lator power amplifier (MOPA) setup, comprising an optical parametric oscillator
(OPO) and an optical parametric amplifier (OPA), is pumped by a Nd:YAG laser.
The 2-µm-idler beam from the MOPA is focused onto a planar-solid tin target to
create plasma. The EUV emission from the plasma is captured by a transmission
grating spectrometer and a calibrated EUV photodiode. (b) Spatial and (c) tem-
poral profiles of the 1-µm and 2-µm drive lasers.

on the horizontal, x-axis of the beam (cf. Fig. 3.1(b)). The temporal pulse duration
is 4.8 ns (FWHM). Uncertainties in determining the FWHM pulse duration are at
or below 0.5 ns. The pulse has a short rise time of ∼1ns whereas its fall time is
significantly longer and is seen to follow the pulse shape of the seed beam.

A seeded, in-house built Nd:YAG laser is used as the 1-µm-laser light source
to drive plasma [73]. The laser employs two electro-optical modulators to create
temporal profiles of the desired shape. Here the temporal profile was shaped to
match that of the idler of the MOPA (see Fig. 3.1(c)). A lens is used to focus the
laser beam onto the tin target to a symmetric spot size of 66µm (FWHM) closely
matching the beam spot size of the idler beam in the measurement plane (see
Fig. 3.1(b)).
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3.3 Results

In the following, we assess the potential of a 2-µm-wavelength tin-plasma driver
by studying the spectral characteristics with emphasis on EUV in-band radiation.
Fig. 3.2(a) shows EUV spectra obtained when the beam intensity I2µm is varied in
a (0.2–1.9)× 1011 W/cm2 range. The intensity of the 2-µm driver I2µm is given by
the peak intensity in time and space by I2µm = (2

p

2 ln 2/2π)3E2µm/abtp. Here,
E2µm is the laser energy, a and b are the Gaussian FWHM sizes along the major
and minor axis of the elliptical beam, and tp is the FWHM pulse duration. Spec-
tral features belonging to Sn5+–Sn15+ are observed in the studied spectral range
[18, 21, 23, 29, 76, 93]. At the lower laser intensities, spectral features belonging
to Sn5+–Sn8+ are visible. At higher laser intensities, spectral features related to
the higher charge states Sn10+–Sn15+ are prominent. Spectral emission from these
charge states also becomes visible in the short-wavelength region of the spectra be-
low 12nm. The evolution of spectral features in this wavelength regime gives direct
qualitative insight into the underlying charge state distribution as the contributions
from the individual charge states can be identified [76].

For comparison, in Fig. 3.2(b) a set of spectra is presented that was obtained
using the 1-µm-wavelength driver. Emission spectra are obtained for beam intensi-
ties I1µm ranging (0.4–4.4)× 1011 W/cm2. I1µm is defined analogously to I2µm. The
beam intensities are selected such that similar short-wavelength features are ob-
tained as in the respective 2-µm cases. The laser intensity at which any particular
charge state distribution is obtained, is lower for the 2-µm case by about a factor
of two. The evolution of spectral features with laser intensity appears to be similar,
comparing Fig. 3.2(a) and 3.2(b).

To study this difference in more detail, pairs of intensities I1µm and I2µm were
chosen such that the short-wavelength spectral features, ranging from 6–10nm,
in the respective emission spectra are best matching. In Fig. 3.2(c), the ratio of
thus selected pairs I1µm/I2µm is plotted versus I1µm. On average the 1-µm-driver
requires a constant factor 2.4(7) higher intensity to reach the same effective charge
state distribution of the plasma when compared to the 2-µm case. The number in
brackets in the ratio 2.4(7) indicates the overall uncertainty which is dominated
by systematic uncertainty. Naively, one would perhaps rather expect this ratio to be
closer to a value of four given (i) the nc∝ λ−2 dependency of the critical electron
density nc on drive laser wavelength λ; (ii) the approximately linear scaling of the
local emission intensity (which in steady state equals laser absorption and hence
∝I) with ion density ni; and (iii) that ni ∼ nc at equal charge state distribution.
This would lead to ni ∼ nc∝ λ−2. To achieve equal temperatures, one would thus
expect a scaling of required laser intensity with wavelength I ∝ λ−2. Studies on
quasi-stationary ablation fronts [41] relevant for our current investigations with
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Figure 3.2: Spectra from plasma produced from a planar-solid tin target irradiated
with laser pulses at various intensities of the (a) 2-µm-driver of 4.8 ns duration
and Gaussian spot size of 72×128µm. The emission features attributed to the
various Sn ions are labeled by the respective charge state. (b) Spectra from tin
plasma driven by a 1-µm-beam of 4.4 ns pulse duration and Gaussian spot size of
66×66µm. The gray vertical band indicates a 2% bandwidth centered at 13.5 nm.
(c) Ratio of intensities of 1- and 2-µm-drive laser beams needed to obtain spectra
withmatching short-wavelength features. The red line indicates the average ratio.
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significant laser absorption in the underdense coronal region, before the critical
surface, instead indicate a scaling of a typical density ni ∝ λ−1 and, thus, I ∝
λ−1, all other factors remaining constant over the absorption path (see Eq. (31) in
Ref. [41]). This latter scaling is fully in line with our current findings and sheds
light on the physics origins of the plasma-emission of EUV light. Further radiation-
hydrodynamic simulations are however required to investigate the details of the
evolution of the relevant plasma conditions and their dependence on drive laser
wavelength.

In Fig. 3.3(a) the CE is plotted versus drive laser intensity for the 1-µm and 2-
µm cases. The measured in-band radiation is extrapolated from the measurement
at 60° to the 2π steradian hemisphere facing the laser origin, assuming isotropic
emission over this half-sphere. From literature, it is evident that the EUV emission
from LPPs from planar-solid targets has a some angular anisotropy [49]. Several
studies have indicated that the angular dependence of EUV emission is nearly in-
dependent on the focal spot size and the pulse duration [49, 52, 94]. For this
reason, our observations are not expected to be dominated by any small remain-
ing differences in laser beam characteristics which were carefully matched in our
experiments. Changing the drive wavelength for a tin-LPP on a planar-solid target
from 266nm to 1µm was found to lead to a reduced angular dependence of the in-
band emission [75]. For droplet targets, a 10-µm-driven LPP was shown to exhibit
only a slightly reduced angular dependence of the in-band emission in comparison
to the 1-µm-driven LPP [95] and thus the relatively small step to 2-µm laser radi-
ation is not expected to change the current EUV emission anisotropy significantly.
We furthermore note that the observation under the current, relatively large angle
of 60° constitutes a representative measure of the overall CE [49, 52, 84, 94].

The open markers in Fig. 3.3(a) indicate data obtained from the absolute in-
band response of the spectrometer. Here, the in-band counts of the spectrom-
eter are calibrated by means of the EUV photodiode. The CE of the 2-µm-LPP
rises with beam intensity, up to a maximum value of 3.1% at a laser intensity of
1.0× 1011 W/cm2. When further increasing the laser intensity CE decreases. For
the 1-µm case, a similar rise of CE with increasing beam intensity is observed, with
a maximum CE reaching 1.7%, i.e., only about half that of the 2-µm case. The
maximum CE for the 1-µm-LPP is reached at a laser intensity of 3.0× 1011 W/cm2.
No decrease in CE is observed when moving to higher laser intensities, within the
probed parameter space. Comparing the two drive laser cases, the relative differ-
ence in maximum CE amounts to a factor 1.8. The 1-µm-LPP requires significantly
higher intensities to reach optimum CE. This is in line with the findings presented
in Fig. 3.2(c).

Fig. 3.3(b) shows the spectral purity of both the 1-µm and the 2-µm-LPPs as a
function of laser intensities. Both SP data sets show a behavior that is similar to
that of the corresponding CE curves. Note again that SP is here defined as the ratio



46 Extreme ultraviolet light from a tin plasma driven by. . .

0 . 1 10

1

2

3
 E U V  p h o t o d i o d e
 S p e c t r o m e t e r

 1  µm   2  µm
CE

 (%
)

L a s e r  i n t e n s i t y  ( 1 0 1 1  W / c m 2 )
0 . 1 10

2

4

6

8

SP
 (%

)
L a s e r  i n t e n s i t y  ( 1 0 1 1  W / c m 2 )

0
2
4

( e )

( d )

( c )

( b )

 4 . 4  ( 1  µm )
 1 . 9  ( 2  µm )

( a )

0
2
4

Int
ens

ity
 (a

.u./
mJ

)

6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 40
2
4

I n t e n s i t y  ( 1 0 1 1  W / c m 2 )  

 2 . 5  ( 1  µm )
 1 . 0  ( 2  µm )

 0 . 4    ( 1  µm )
 0 . 1 5  ( 2  µm )

W a v e l e n g t h  ( n m )

Figure 3.3: Comparison of tin plasma emission characteristics for the 1- and 2-µm-
drivers: (a) Dependency of conversion efficiency (CE) on drive laser intensity for
both drivers. The plot shows CE directly captured by a calibrated EUV photodiode,
mounted under a 60 degree angle (cf. Fig. 3.1), as well as CE obtained from the
absolute in-band response of the spectra, all assuming isotropic emission. (b)
Spectral purity (SP) versus the intensity of the corresponding drive laser. (c)–
(e) Juxtaposition of emission spectra for the two laser cases at three different
intensities. The spectral counts of the spectrometer are divided by the drive laser
energy.
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of in-band EUV energy to the total energy emitted in the 5.5–25.5 nm range. The
maximum SP of the 2-µm-LPP is at 7.4%, a factor 1.8 larger than the value of the
1-µm-LPP with a maximum of 4.2%. The ratio of the maximum SP’s is identical to
the ratio of the maximum CE’s. This indicates that the discrepancy in conversion
efficiency can be attributed to the decreased SP of the 1-µm-LPP. Figures 3.3(c)–
3.3(e) show pairs of matching emission spectra, i.e., plasmas having similar ionic-
ities. Panel 3.3(c) depicts the 2-µm-LPP spectrum with the highest CE. All spectra
have been divided by the drive laser energy. The out-of-band features are seen to
match well. It is apparent that a significant amount of spectral emission between
13nm and 15nm is missing in the 1-µm case compared to the 2-µm-LPP. This lack
of emission in the unresolved transition array at 13.5 nm explains the reduced CE
of the 1-µm-LPP.

To qualitatively explain the significant differences observed between the two
drive laser cases, it is instructive to employ an intuitive two-zone radiation trans-
port model. In this model, the emission from a hot plasma core zone (‘zone 1’)
traverses a plasma zone (‘zone 2’) at a modestly lower density and temperature.
Such a two-zone plasma approximates our experimental conditions using a laser
beam with a Gaussian spatial intensity profile which inhomogeneously heats the
plasma. The second zone will contribute to the overall emission but will also par-
tially absorb the light emitted from the first zone [96, 97]. Following Ref. [89],
the spectral radiance Lλ of a homogeneous, one-dimensional plasma is given by
Lλ = Bλ (1− e−τλ). Here Bλ is the Planck source function, assuming local thermo-
dynamic equilibrium (LTE) conditions. The subscript λ indicates the wavelength
dependency of Lλ. In the exponent, τλ is the wavelength-specific optical depth [12,
89]. The expected density and temperature values support our LTE approach (see,
e.g., Ref. [12]) and small deviations from it do not meaningfully impact our quali-
tative analysis in the following. We now expand the model by adding a second layer
of plasma. The first plasma layer emits the spectral radiance Lλ,1 over an optical
depth τλ,1. This light subsequently traverses a second plasma layer with an optical
depth τλ,2. The total spectral radiance Lλ,2 exiting the second layer of plasma is
given by

Lλ,2 = Bλ,1

�

1− e−τλ,1
�

e−τλ,2 + Bλ,2

�

1− e−τλ,2
�

, (3.1)

where Bλ,1 and Bλ,2 are the respective blackbody functions of the two plasma lay-
ers. Next, we take two spectra obtained from plasma driven by 2-µm-laser light.
These two spectra serve as base spectra for the model’s two plasma layers [89].
Both spectra are, for simplicity, assumed to be generated from a single density-
temperature plasma layer with significant optical depth (L ≈ B at peak emission)
of value τλ,i · ai (i = 1,2 for zones 1 and 2) with a constant multiplication factor
ai accounting for differences in density or length scales following the approach of
Schupp et al. [89].
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Figure 3.4: Tin spectra from plasmas driven by 1- and 2-µm-lasers. The blackbody
functions Bλ,1 and Bλ,2 are divided by B13.5 nm,1. The 2-µm-LPP spectra are scaled
to be confined by their respective blackbody functions. The 1-µm-LPP spec-
trum is scaled with the same factor as the 1.0× 1011 W/cm2, 2-µm spectrum (cf.
Fig. 3.3(d)). The green curve depicts the fit result of Eq. (3.1) to the 1-µm-LPP
spectrum (see main text). The inset schematically depicts the model.

In the following, the base spectrum of the first zone is associated with the max-
imum CE (cf. Fig. 3.3(d)). The base spectrum for the second zone is chosen from
a modestly lower laser intensity, corresponding to a modestly lower plasma tem-
perature conform our model. Following Ref. [12] the effective temperature of the
first zone is set to 32 eV associated with optimum plasma conditions for producing
in-band EUV light at the here expected plasma densities [12]. The plasma temper-
ature of the second zone is subsequently found by matching the relative intensity
values of the two base spectra at 13.5 nm wavelength (as L ≈ B at peak emission
given the large optical depths involved [12, 89]). This results in a temperature of
29 eV for the second zone. The multiplication factors ai are used as free fit parame-
ters, including an additional overall amplitude scale factor. Fig. 3.4 shows the result
of a least-squares fit of the model function Eq. (3.1) to the measured 1-µm-driven
spectrum at a 2.5× 1011 W/cm2 laser intensity that reproduces the ionicity of the
2-µm-driven base spectrum (see Fig. 3.3(d)). The model is seen to excellently re-
produce the data. The fit parameters obtained are a1 = 1.3 and a2 = 0.7, close
to unity value such that the original base spectra are already representative of the
emission of the two zones. A more quantitative interpretation of these fit values is
not currently warranted given the qualitative nature of the model application. A
comprehensive explanation of the generic effects of a two-zone plasma is provided
in Ref. [96] albeit for hotter and denser plasma. EUV radiation, produced in the
hottest part of the plasma, passes through regions of underheated plasma gener-
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ated by the lower-intensity parts of the Gaussian laser intensity profile. The EUV
emission in the case of the 1-µm-drive laser occurs at a higher plasma density than
that of the 2-µm-driver and also its underheated plasma zone will have higher ion
density. Hence, the 1-µm-LPP exhibits a higher EUV self-absorptivity in the under-
heated zone making the 2-µm-LPP here the more efficient emitter of in-band EUV
radiation.

3.4 Conclusion

In conclusion, conversion efficiencies in excess of 3%, assuming isotropic emission
of the in-band EUV radiation, have been achieved from a Sn plasma driven by a
2-µm-wavelength laser system, outperforming plasmas driven by a 1-µm-laser by
a factor of two. The difference between the two drive laser cases can furthermore
be qualitatively explained from self-absorption effects and their impact on spectral
purity. Further increases in CE are to be expected when providing a homogeneous
heating of the plasma, optimizing the spatio-temporal intensity profile of the drive
laser. Such future studies, preferably executed on mass-limited droplet targets and
including measurements of the full angularly resolved EUV emission characteris-
tics, will further pave the way for the application of 2-µm drive lasers in industrial
sources of EUV radiation powering tomorrow’s nanolithography.
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Experimental spectroscopic studies are presented, in a 5.5–25.5 nm extreme ul-
traviolet (EUV) wavelength range, of the light emitted from plasma produced by
the irradiation of tin microdroplets by 5-ns-pulsed, 2-µm-wavelength laser light.
Emission spectra are compared to those obtained from plasma driven by 1-µm-
wavelength Nd:YAG laser light over a range of laser intensities spanning approx-
imately (0.3–5)× 1011 W/cm2, under otherwise identical conditions. Over this
range of drive laser intensities, we find that similar spectra and underlying plasma
charge state distributions are obtained when keeping the ratio of 1-µm to 2-µm
laser intensities fixed at a value of 2.1(6), which is in good agreement with RALEF-
2D radiation-hydrodynamic simulations. Our experimental findings, supported by
the simulations, indicate an approximately inversely proportional scaling ∝λ−1

of the relevant plasma electron density, and of the aforementioned required drive
laser intensities, with drive laser wavelength λ. This scaling also extends to the
optical depth that is captured in the observed changes in spectra over a range of
droplet diameters spanning 16–51µm at a constant laser intensity that maximizes
the emission in a 2% bandwidth around 13.5 nm relative to the total spectral en-
ergy, the bandwidth relevant for EUV lithography. The significant improvement
of the spectral performance of the 2-µm- vs 1-µm-driven plasma provides strong
motivation for the development of high-power, high-energy near-infrared lasers to
enable the development of more efficient and powerful sources of EUV light.
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4.1 Introduction

Laser-driven microdroplet-tin plasma provides the extreme ultraviolet (EUV) light
that is used in state-of-the-art EUV lithography [11, 18, 31, 32, 80–82]. Ever more
powerful sources of EUV light are required for future lithography applications. This
EUV light is generated from electronic transitions in multiply charged tin ions that
strongly emit radiation in a narrow band around 13.5 nm [19, 21–27, 29, 30, 93].
EUV-emitting plasma in an industrial nanolithography machine is driven by CO2-
gas lasers with a 10-µm wavelength. Such plasma achieves particularly high con-
version efficiencies (CE) of converting drive laser light into EUV radiation in a 2-%
wavelength bandwidth around 13.5 nm, the so-called in-band radiation, that can be
transported by the availableMo/Simultilayer optics [10, 40]. Near- ormid-infrared
solid-state lasers may however soon become an attractive alternative to the CO2-gas
lasers because such modern solid-state lasers are expected to have a significantly
higher efficiency in converting electrical power to laser light. Furthermore, they
may reach much higher pulse energies and output powers, in turn enabling more
EUV output. Big Aperture Thulium (BAT) lasers [16, 98] represent a particularly
promising class of novel, powerful laser systems that have recently drawn signifi-
cant attention. These lasers would operate at 1.9-µm wavelength, in between the
well-known cases of 1- and 10-µm drive lasers. Recent simulation work indicates
that a global CE optimum lies within this range of 1- and 10-µm drive laser wave-
length [91]. Briefly, such studies point out that the longer-wavelength drivers are
associated with sub-optimal absorption of the laser energy by the plasma whereas
shorter-wavelength drivers may exhibit severe opacity broadening of the EUV spec-
trum out of the 2-% acceptance bandwidth [62, 89, 90]. To date, no experimen-
tal studies of mass-limited, microdroplet-tin-based plasmas driven by lasers in this
wavelength range are however available to verify these claims.

In this article a study of the EUV emission spectrum of 2-µm-wavelength-laser-
driven tin-microdroplet plasma is presented. The laser light is obtained from amas-
ter oscillator power amplifier setup that comprises a series of KTP crystals pumped
by a ns-pulsed Nd:YAG laser (λ≈ 1µm), enabling one to gauge the potential of, e.g.,
thulium lasers without the effort of building one. The recorded spectroscopic data
are compared to those obtained from a 1-µm-driven plasma under otherwise iden-
tical conditions, over a wide range of droplet sizes and laser intensities. Radiation-
hydrodynamic simulations using the RALEF-2D code [17], are presented to sup-
port the experimental findings. Following the recent work of Schupp et al. [89] on
Nd:YAG-laser-pumped plasma, an analytical solution for radiation transport in an
optically thick one-dimensional plasma is used to quantify the influence of optical
depth on the broadening of the key emission feature at 13.5 nm.
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4.2 Experiment

In the first set of experiments micrometer-sized liquid tin droplets are irradiated
with high-intensity 2-µm-wavelength laser pulses produced in a master oscillator
power amplifier (MOPA). Following the work of Arisholm et al. [92], the MOPA con-
sists of a singly resonant optical parametric oscillator (OPO) in collinear alignment
followed by an optical parametric amplifier (OPA). The latter comprises two 18-mm
long KTP crystals operated in type II phase matching. The setup (see Fig. 4.1) is
pumped by a seeded Nd:YAG laser with a spatially flat-top and a temporally Gaus-
sian profile of 10 ns (FWHM). The OPO is pumped with 18mJ of energy within a
1.5-mm-diameter beam resulting in an idler beam energy of 1.8mJ at a wavelength
of 2.17µm. The OPO is operated slightly off its degeneracy point to minimize back
conversion of signal and idler into the pump wavelength, a process which reduces
beam quality of both beams. After the OPO the signal beam is removed and the
idler beam expanded to 11mm and amplified in the OPA. Using 1.3 J of pump en-
ergy within a beam diameter of 10mm, 260mJ of 2-µm radiation are obtained,
summing signal and idler pulse energies. The pulse duration of both beams after
amplification is 4.3 ns.

For the experiments the signal beam is removed via polarization optics and
solely the idler beam is used. The idler beam is focused onto several ten-micro-
meter-sized liquid tin droplets created via coalescence of even smallermicrodroplets
from a tin jet in a vacuum chamber that is kept at or below 10−6 mbar. The di-
ameter of the microdroplets is adjustable within a range from 16–51µm. The
focal spot is elliptical and has a size of 65×88µm (FWHM) and laser intensi-
ties of up to 2.1× 1011 W/cm2 are obtained on the tin droplets. Data taken with
this 2-crystal setup is used for Sec. 4.4 and is part of the data in Fig. 4.2(c). The
intensity is defined as peak intensity in time and space and calculated to IL =
(2
p

2 ln 2/2π)3EL/abtp with laser energy EL, FWHMs a and b along the major and
minor axis of the bivariate Gaussian and pulse duration tp. The energy in the beam
is adjusted by the combination of a half-waveplate and polarizer. The data dis-
played in Fig. 4.2(a) was taken in a later experiment and after installation of a
third crystal in the OPA which increased the energy in signal and idler combined to
360mJ while the pulse duration increased slightly to 4.7(3) ns (FWHM). The pro-
duced beam has a symmetric focal spot and measurements are obtained for three
focal spot sizes of 106, 152 and 194µm (FWHM) that are obtained using lenses of
different focal distance length. The data obtained in the first and this later experi-
ment is combined in Fig. 4.2(c).

To enable a direct comparison with plasmas driven by 1-µm wavelength laser
pulses, light from the 1-µm pump laser is redirected before entering the MOPA
and is focused onto the tin droplets instead. Again, a combination of a half-wave
plate and polarizer allows for adjustment of the beam energy. The focal spot has
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Figure 4.1: Schematic representation of the experimental setup. A master oscillator
power amplifier (MOPA) setup, comprising an optical parametric oscillator (OPO)
and an optical parametric amplifier (OPA), is pumped by a Nd:YAG laser (blue
line). The signal beam is separated via polarization optics and the idler beam
(λ=2.17µm) is focused onto tin microdroplets within a vacuum chamber. EUV
emission is captured by a transmission grating spectrometer positioned at 60°
with respect to the laser axis. An additional, third KTP crystal (dashed outline)
was used in the OPA in a subset of the experiments.

a symmetric Gaussian shape of 86µm (FWHM). The EUV emission from the tin
plasma is collected by a transmission grating spectrometer [68] set up under a 60°
angle with respect to the incoming laser beam. The spectrometer was operated with
a 10 000 lines/mm grating, a 25µm slit and without filter. The measured spectra
are corrected for the grating’s first and second order diffraction efficiency as well as
for the quantum efficiency of the camera. The wavelength is calibrated in a separate
experiment using atomic line emission from an aluminum plasma. Spectral purity
(SP), defined as the ratio of spectral energy in a 2% bandwidth around 13.5 nm to
the total EUV energy, is used to characterize the EUV light source. All SP values
provided are calculatedwith respect to themeasured spectral range of 5.5–25.5 nm.

4.3 Scaling of spectral features with laser intensity and wave-
length

For defining development targets regarding power and pulse energy of future 2-
µm lasers for use in EUV light sources, it is particularly relevant to know the laser
intensity needed to obtain a tin charge state balance optimal for the production of
13.5-nm light. In this section the laser intensity on the tin droplet is scanned and
the optimal laser intensity determined as the value at which SP is highest, given
that SP is the ultimate limit of CE as follows from energy conservation CE<SP/2
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for isotropic emission [84]. To better understand the relevant plasma temperatures
and densities, we study the ratio of 1- and 2-µm laser intensities at which plasmas
of equal temperatures are established. Plasma temperature is experimentally es-
tablished via the shape and amplitude of charge state specific spectral emission
features [20, 76, 99, 100]. These features are indicative of the plasma’s charge
state distribution which is predominantly dependent on plasma temperature [41].
The experimental results are then compared to computer simulations using the
radiation-hydrodynamic code RALEF-2D as well as to previous analytic work [41].

Spectral dependencies on drive laser intensity

In the experiments, first the idler beam from the MOPA is focused onto a 30-µm-
diameter droplet and spectra are measured using the 106-µm spot size at multiple
intensities within a range of (0.1–2.2)× 1011 W/cm2 (see Fig. 4.2(a)). At the lowest
laser intensity the plasma strongly emits around 14.5 nm and distinct 4d–4 f tran-
sitions in Sn6+ are visible around 17nm [100]. Emission between 18–20nm can be
mainly attributed to Sn5+. At 15.7 nm, a strong emission feature from 4d–4 f and
4p–4d transitions in Sn7+ is visible. Going up this ‘ladder’ of charge states, emis-
sion from 4d–4 f and 4p–4d transitions in Sn8+ is visible at 14.8 nm and from Sn9+

at 14.2 nm. With increasing laser intensity the average charge state of the plasma
increases and emission from Sn10+ is evident in the 9.5–10nm region [76]. Increas-
ing laser intensity beyond 1011 W/cm2, the plasma strongly emits at 13.5 nm. This
emission originates from the 4d–4 f , 4d–5p and 4p–4d unresolved transitions arrays
(UTAs) in Sn8+–Sn14+ [18, 21]. With the strong emission at 13.5 nm, charge state
specific features become visible between 7 and 12nm. These features belong to the
same Sn8+–Sn14+ ions and here the 4d–5 f , 4d–6p and 4p–5s transitions contribute
strongest [20, 76]. With increasing laser intensity SP rises to values of 15% at
0.8× 1011 W/cm2 where charge state balance is optimal for in-band EUV emission,
before reducing again at even higher intensity values (see inset in Fig. 4.2(b)).

Second, plasma is created using laser light of 1-µm wavelength. Spectra for
laser intensities within the range of (0.3–4.4)× 1011 W/cm2 are shown in Fig.
4.2(b). When compared to the 2-µm drive-laser case the spectra show very similar
shape, albeit at an apparent increased overall width. Again the same emission fea-
tures of charge states Sn5+–Sn9+ are visible at the lowest laser intensity but with
somewhat less prominent emission features. This reduction in prominence is par-
ticularly noticeable for the peaks of charge states Sn6+ and Sn7+ (between 14 and
16nm). Further the Sn9+ peak at 14.2 nm is hardly visible (cf. 0.2× 1011 W/cm2 in
the 2-µm case). The SP rises until it reaches values of 9.7% around 2× 1011 W/cm2

and subsequently decreases as the charge state balance becomes sub-optimal for
emission of 13.5 nm light. The peak intensities used in this work agree well with
previously published work, where the optimal SP was found at an intensity of
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Figure 4.2: Spectra from tin droplet plasma observed at various intensities of the (a)
2-µm beam (4.7 ns pulse duration, 106µm FWHM, 3 KTP crystals) and the (b)
1-µm Nd:YAG beam (10ns pulse duration, 86µm FWHM). The droplet size in
both cases is 30µm. (c) Ratio of the intensities of 1- and 2-µm drive laser beams
needed to obtain spectra with similar spectral features. The data points represent
the average intensity ratios from data taken with four different laser spot sizes
of the 2-µm laser beam of 65×88, 106, 152 and 194µm (FWHM), respectively.
The error bars indicate the standard deviation per measurement. The red line
represents the average over all data points and the shaded band the standard
deviation of the average.
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1.4× 1011 W/cm2 using a temporally and spatially box-like laser profile to illumi-
nate the tin droplets [84]. The higher intensity value found in this work is at-
tributed to the fact that, because of their spatial extent, the droplets experience a
slightly lower average intensity compared to the peak values stated.

To obtain the sought-for laser-intensity ratio I1µm/I2µm, each spectrum of the
2-µm laser case at intensity I2µm is matched to a spectrum of the 1-µm case at
intensity I1µm for which the resemblance of the relative amplitudes and shape of
spectral features is best matching. As the spectral features are characteristic of
individual tin charge states [99, 100] this comparison provides access to the scal-
ing of the plasma’s charge state distribution (and hence temperature) with laser
wavelength. For each match of laser intensities the ratio I1µm/I2µm is calculated
and plotted as a function of I1µm in Fig. 4.2(c). The data points represent the aver-
age of comparisons made for multiple spot-size conditions and for two droplet size
conditions. In all cases spectra were compared to the ones taken with the 1-µm
wavelength laser beam size of 86µm. More specifically, the comparison encom-
passes measurements with a 30-µm-diameter droplet for 2-µm case beam sizes of
65×88, 106×106, 152×152 and 194×194µm and on a 19-µm-diameter droplet
for the 65×88-µm beam. The red line shows the average I1µm/I2µm = 2.1(6) of all
measurements with the standard deviation (distribution width and not the error-
on-the-mean) of the mean value as red shaded area. The depicted uncertainty is
the standard deviation of the mean.

Theory and discussion

The temperature of a plasma can be expressed analytically if the equation of state
(EOS) is sufficiently well known. The required EOS parameters will however de-
pend on the location in the plasma where the laser light is absorbed. Two cases
can be distinguished [41]. Case I: absorption of laser light dominantly occurs close
to the critical surface where the plasma’s electron density equals the critical den-
sity (ne ≈ ncrit ∝ λ−2). This case is relevant for long wavelength laser light, e.g.,
from CO2 lasers. Case II: absorption is already significant in the underdense corona
where the electron density is lower than the critical electron density. For laser ab-
sorption of 1- and 2-µm beams, case II applies and the tin plasma temperature can
be written as [41]

T ∝
�

1
Rλ2

�−0.19

[I(1−φr)]
0.44, (4.1)

with laser wavelength λ, laser intensity I , radiative loss fraction φr of the plasma
and characteristic radius of the sonic surface R, defined as the contour at which the
ion velocity equals the local sound velocity. The numerical values for the powers
-0.19 and 0.44 originate from the EOS [41]. Differences in radiative losses of the
plasmas are neglected in the following, as they may be small for similar density
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and temperature plasmas. The sonic surface R is only slightly wavelength depen-
dent and the small difference can be neglected. From Eq. (4.1), an intensity ratio
Ii/I j = (λ j/λi)0.86 here I1µm/I2µm = 1.8 is calculated for λ = 1 and 2µm plasmas
exhibiting equal plasma temperatures. The predicted ratio of 1.8 agrees well with
the experimental one of 2.1(6) and well approximates a scaling with λ−1.

Alongside this analytical approach, the radiation hydrodynamic code RALEF-2D
[17] is used to determine the laser intensity ratio yielding equivalent plasma tem-
peratures. RALEF-2Dwas developed to simulate laser plasma interaction and solves
the equations of fluid dynamics in two dimensions (assuming cylindrical symmetry
around the laser beam propagation axis) while including necessary physical mech-
anisms such as laser absorption, thermal conduction and radiation transport. The
latter is needed for accurate predictions of a strongly radiating plasma, which is
true for the current case. An extensive set of simulations has been performed at
conditions close to the experimental ones. A 30-µm-diameter droplet is irradiated
by temporally and spatially Gaussian beams. The 1- and 2-µm beams have pulse
durations of 10 and 4.3 ns (FWHM) and sizes of 80 and 100µm (FWHM), respec-
tively. Laser intensities in the range spanning 1010–1012 W/cm2 are simulated. The
plasma’s peak temperature is plotted in Fig. 4.3. For the given laser intensities the
maximum temperature is consistently higher in the 2-µm case. We note that the
different pulse durations (10 vs. 4.3 ns) have a minimal impact on temperature
and density scales. The maximum temperatures are seen to follow Eq. (4.1) fitted
as T[eV] = a · λ0.38[µm] · I0.44[1011 W/cm2], where a common amplitude a = 43
is determined by a global fit to all data. Eq. (4.1) captures the scaling of the peak
plasma temperature over two decades in laser intensity.

Further shown in Fig. 4.3 are temperature and electron density lineouts along
the laser axis away from the droplet at intensities relevant for the efficient emission
of EUV light. The intensity of the 1- and 2-µm cases were chosen to have nearly
identical peak electron temperature. This temperature strongly increases with dis-
tance from the droplet surface and peaks around 11µm from the droplet surface
before it reduces again at larger distances. The maximum temperature is obtained
at a factor of 2.0 lower density in the 2-µm case. The point of highest temperature
is much closer to the critical density in the 2-µm case indicating that the absorption
of laser light occurs closer to critical density while the conditions for laser absorp-
tion of case II are still met. Following Ref. [41], and references therein, the scaling
of the relevant plasma electron density with wavelength can also be approximated
invoking a constant absorbed fraction of the laser light, kLR=constant. Inserting
the Kramers’ absorption coefficient for laser radiation kL we obtain [41, 101]

(Rλ2)ρ2z̄3T−3/2 = constant, (4.2)

with the mass density ρ and the plasma’s average charge state z̄. Considering that
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Figure 4.3: Top: maximum temperature of a tin plasma for various laser intensi-
ties calculated with the two-dimensional-radiation transport code RALEF-2D. A
30-µm-diameter droplet is illuminated with temporally and spatially Gaussian-
shaped laser pulses of wavelengths 1 and 2µm. Center: temperature and electron
density lineout along the axis of the incoming laser beam. Bottom: frequency-
integrated local radiation field intensity Irad of the plasma and its normalized
derivative dIrad. The radiation field intensity is calculated from Eq (4.3) using the
density and temperature lineouts depicted in the center panel. For more detail
see text.
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mass density ρ and ion density ni follow the ratio of electron density and average
charge state ρ ∝ ni = ne/z̄, where z̄ ≈ 22.5T 0.6[heV] (note that T is input here
in units of 100 eV) [41], it becomes clear that the ratio of the electron densities
lineouts displayed well approximates the ratio of mass density between the two
laser wavelength cases. All other factors remaining constant in Eq. (4.2), a recip-
rocal scaling of mass density ρ and wavelength λ becomes directly apparent. The
difference in mass density can thus be attributed to the difference in absorptivity
of the laser radiation from Kramers’ law [102]. This inversely proportional scaling
of density with wavelength is the root cause of the observed intensity ratio.

The bottom panel of Fig. 4.3 shows the radiation field intensity Irad and its nor-
malized derivative dIrad. The frequency-integrated radiation field intensity is cal-
culated from

Irad(s) = I0e−
∫ s

s0 α(s
′)ds′ +

∫ s

s0

α(s′)B(s′)e−
∫ s

s′ α(s
′′)ds′′ds′ (4.3)

with the Planck mean absorptivity αp[m−1] = 3.3× 10−7 ·ρ[g/cm3] · T−1[eV] using
the temperature and electron density information in Fig. 4.3. For more information
see Ref. [12]. The normalized derivatives dIrad peak at 6.5 and 8µm distance from
the droplet surface for the 1- and 2-µm cases, respectively. They show that the typi-
cal length scales of emission are similar in both wavelength cases. This finding is in
line with the similarity in length scales and indeed profiles of plasma temperature
and density (shown in the center panel of Fig. 4.3). The point of largest change
in radiation field intensity is located slightly closer to the droplet surface than the
point of maximum temperature. The significantly higher density more than com-
pensates for the drop in temperature. The point of largest change in the radiation
field intensity of the 1-µm-driven plasma occurs relatively far from the critical den-
sity, whereas in the 2-µm-driven plasma this point lies close to the critical density,
an observation explained by the distances between the respective maximum tem-
peratures and critical densities. The radiation field intensity at large distances from
the droplet surface is approximately a factor of two higher in the 1-µm case because
of the factor of two higher (emitter) density compared to the 2-µm case.

4.4 Scaling of optical depth

The scaling of mass density with drive laser wavelength ρ∝ λ−1 at similar length
scales, as established by our simulations, indicates that the optical depth of the
plasma, being a product of atomic opacity, mass density and path length, should
scale similarly. If optical depth indeed reduces proportionally with drive laser wave-
length, the step to a 2-µm laser system could be particularly beneficial. In the
following, we perform an analysis of the optical depth associated with the EUV
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Figure 4.4: Spectral emission from tin plasmas produced with 1- and 2-µm laser
wavelength for small and large droplet diameters at laser intensities of 2.4 and
1.1× 1011 W/cm2, respectively.

spectra by varying plasma size following the work of Schupp et al. [89]. This is
accomplished by irradiating droplets having diameters in the range 16–51µm.

Scaling of peak optical depth with droplet size and drive laser wavelength:
examples

In our experiments the droplet diameter is changed in controlled steps from 16–
51µm and a constant laser intensity is used for both laser wavelength cases. First,
droplets are illuminated with 2-µm laser light with an intensity of 1.1× 1011

W/cm2, close to optimal SP. The spot size is 65×88µm. In Fig. 4.4 spectra for the
smallest and largest droplet diameter are shown for both drive-laser cases. With
increasing droplet diameter the main emission feature at 13.5 nmwidens and more
intense short-wavelength radiation is emitted relative to the 13.5-nm peak. Second,
the same scan is repeated with 1-µm laser light at 2.4× 1011 W/cm2, an intensity
chosen based on the intensity ratio in Fig. 4.2(c). Again, the main emission feature
at 13.5 nm widens with increasing droplet diameter and more intense short wave-
length radiation is emitted relative to the 13.5-nm peak. For the 1-µm driver these
effects however are much stronger.

In the following, the spectra are analyzed regarding their optical depth sim-
ilar to the analysis in Ref. [89]. The wavelength-dependent optical depth τλ :=
∫

κλρd x is defined as the spatial integration over the product of the plasma’s opac-
ity κλ and mass density ρ. In the instructive case of a one-dimensional plasma
[86] in local thermodynamic equilibrium (LTE), the spectral radiance is given by
Lλ = Bλ (1− e−τλ), where Bλ is the Planck blackbody spectral radiance. We note
that our high-density, strongly collisional 1- and 2-µm-driven plasmas are reason-
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Figure 4.5: Spectrum produced with 2-µm laser light (red line) compared to the
radiation-transported reference spectrum for a peak optical depth value of τp =
2.2 (gray line, barely distinguishable from the red line). Reference and 2-µm-
driven spectra were both obtained using a droplet diameter of 30µm. Also shown
is a spectrum obtained using a 10-µm CO2 laser that represents the case of small
optical depth (reproduced from Ref. [13]).

ably well approximated by LTE [12]. At equal temperatures, and thus average
charge state (recall z̄ ∼ T 0.6 [41]), this equation enables each measured spectrum
∼Lλ,i to be well approximated by any other spectrum ∼Lλ, j when taking into ac-
count the ratio of the corresponding peak optical depths a = τp,i/τp, j as a single
parameter independent of wavelength (see Ref. [89] and the Appendix for further
details). Subsequently, if any peak optical depth τp, j is known in absolute terms,
the optical depth of any other spectrum can be deduced. To be able to correct for
systematic errors that could possibly occur for relatively low optical depth τ® 1 we
have suitably modified the equation used in Ref. [89] as is detailed in the Appendix.

As a reference spectrum, the spectrum measured at 1-µm laser wavelength, 10-
ns pulse duration and 30-µm droplet size is chosen. The peak optical depth of
this spectrum is determined by comparison of its 13.5-nm feature to opacity calcu-
lations in Ref. [12]. More specifically, radiation transport is applied to the opacity
spectrum calculated in Ref. [12] for a here relevant mass density ofρ = 0.002 g/cm3

and electron temperature of Te = 32 eV. The difference between radiation trans-
ported opacity spectrum and experimental spectrum is then minimized by chang-
ing the optical depth parameter τp in a least-square fit routine. This procedure
leads to an absolute peak optical depth of τ0,p = 4.5 for our reference spectrum.

Using Eq. (4.7) the peak optical depth τi,p of all spectra is fitted with respect to
the reference spectrum. As expected, inserting the relative optical depth obtained
from the fits into Eq. (4.6) leads to an excellent reproduction of the main emis-
sion feature, as is shown in Fig. 4.5 for a typical example spectrum (30-µm droplet
with a 2-µm driver). A further reasonable reproduction of the 7–12 nm features is
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established with the 2-µm driver outperforming the model spectrum with respect
to the amount of radiation emitted out-of-band. Figure 4.5 also shows a spectrum
from an industrial plasma produced by a 10-µm CO2 driver which represents the
limiting case of low optical depth. The step from a 1-µm to a 2-µm driver clearly
significantly enhances the spectrum.

Scaling of peak optical depth with droplet size and drive laser wavelength: all
results

Having demonstrated the ability of the model function to accurately reproduce
spectra from a single reference spectrum, we show in Fig. 4.6(a) the fitted values
for all spectra of the droplet size scans for 1- and 2-µm laser wavelength. In all
cases the peak optical depth τi,p appears to linearly increase with droplet diameter
and to strongly depend on the laser wavelength. Indeed, the peak optical depth
of the 2-µm-driven plasma lies roughly a factor of 2 below that of the 1-µm one
at largest droplet size, which may be expected from the lower plasma density (cf.
Section 4.3). However, the 1-µm results were obtained with 10-ns-long pulses and
are here compared to the results from approximately 5-ns-long, 2-µm pulses, and
optical depth is known to increase with pulse length [84, 89]. To provide a com-
parison on more equal footing, we further compare in Fig. 4.6(a) our results to
previous data [89], obtained using a 1-µm wavelength laser with a 5 ns temporally
box-shaped laser pulse. One of these data sets is taken with a spatially flattop laser
profile of 96-µm diameter [84, 89] while the other one is taken with a Gaussian
laser beam profile of 66µm FWHM which more closely resembles the experimen-
tal conditions for the 2-µm driver case. The spatial intensity distribution of the
1-µm laser beam is seen to impact the effective optical depth (see also Ref. [84]).
On comparison of the spectra for the 2- and 1-µm cases at the most comparable
temporal and spatial beam conditions, the clear reduction in peak optical depth
parameter is maintained. This reduction, up to a factor 1.6 in optical depth, be-
comes more pronounced at larger droplet diameters. The small deviation from the
factor of ∼2 from the ρ ∝ λ−1 scaling may originate from differences in plasma
length scales, plasma temperature, or from the finite laser intensity gradient over
the plasma length scale. Nevertheless, a very significant reduction in optical depth
of up to 40% is demonstrated when using a 2-µm laser to drive the plasma.

With peak optical depth being the pertinent scaling parameter of 1- and 2-µm-
driven tin plasmas the corresponding spectral purity of the emission spectrum is
related to it in Fig. 4.6(b). All experimental SP values, calculated over the range of
5.5–25.5 nm, collapse onto the gray dashed curve obtained by calculating the SP of
the radiation-transported reference spectrum. The 2-µm case is slightly offset to-
wards higher SP values because of the reduced emission in the 7–12nmwavelength
band compared to the radiation transported reference spectrum (cf. Fig. 4.5) that
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Figure 4.6: (a) Dependency of peak optical depth τi,p on droplet diameter for 5- and
10-ns laser pulse duration at 1-µm wavelength and for 4.3-ns pulse duration at
2-µm wavelength. Circles indicate Gaussian spatial laser profile and boxes indi-
cate a homogeneous ’flattop’ laser beam profile. Peak optical depth is fitted with
respect to the spectrum obtained at 1-µm wavelength, 10-ns pulse duration and
30-µm droplet diameter with optical depth of τ0,p = 4.5. (b) Experimental val-
ues for spectral purity (SP) versus peak optical depth. The dashed line represents
SP as calculated from the radiation-transported reference spectrum. The diamond
symbol indicates the SP value of the radiation-transported reference spectrum for
a peak optical depth value τi,p = 0.4, obtained from comparison of the reference
spectrum with the emission of the CO2-laser-driven plasma spectrum illustrated
in Fig. 4.4.

is not captured by the model with the same accuracy as that of the main emission
feature at 13.5 nm. This difference between model and experiment may point to
a small overestimation of the optical depth of the 2-µm-laser-produced tin plasma,
which would explain both the observed overestimation of the short-wavelength
out-of-band emission by the model as well as the offset in Fig. 4.6(b). This small
overestimation of the optical depth may in turn be due to a broader charge state
distribution in our measurements of the 2-µm case caused by, e.g., laser intensity
gradients or the slightly lower beam pointing stability compared to the 1-µm case.
This observation leads us to expect an even lower optical depth in the 2-µmcase and
brings our scaling ratio even closer to the expected factor of 2 from the λ−1 scaling.
More importantly, it indicates that there are further opportunities for narrowing the
charge state distribution by providing a more homogeneous heating of the plasma
in time and space. Such a narrowing of the charge state distribution around the
optimum charge states Sn11+–Sn14+ would lead to further improvements of SP and
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thus CE.

4.5 Conclusions

In conclusion, the effects of optical depth, plasma density, and laser intensity on
the emission spectra of a 2-µm-LPP source of tin microdroplets are investigated.
The results are compared to the case of a 1-µm-driven plasma. It is found that the
laser intensity required to maintain a common plasma temperature, scales approx-
imately inversely with laser wavelength in going from a 1- to a 2-µm drive laser, a
result that will help defining development goals for future 2-µmdrive lasers for LPP
light sources. The reciprocal scaling with laser wavelength (∝λ−1) has its origin
in Kramers’ law of inverse bremsstrahlung, the main laser absorption mechanism
in the tin plasmas investigated. Because of its reduced plasma density, the opti-
cal depth of the 2-µm-driven plasma is significantly reduced, allowing for efficient
out-coupling of 13.5-nm radiation from the plasma even at larger plasma sizes. In
future experiments it will be of interest to use large, preformed targets and investi-
gate the full CE potential of a 2-µm source in a setting more similar to the current
industrial one. Our results indicate that there are further opportunities for narrow-
ing the charge state distribution by providing a more homogeneous heating of the
plasma in time and space which would lead to further improvements of SP and thus
CE. Looking further, it is of interest to experimentally investigate plasma genera-
tion using even longer-wavelength laser systems between 2 and 10µm to find the
mid-infrared wavelength optimally suited to drive EUV light sources at 13.5 nm.
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4.A Appendix

Radiation transport model

To determine peak optical depth in this work, the recorded spectra are analyzed
in a manner similar to that presented in Ref. [89]. In the following, the method
from Ref. [89] is first outlined briefly and is subsequently generalized for use with
plasmas that are optically thin. The wavelength-dependent optical depth τλ :=
∫

κλρd x is defined as the spatial integration over the product of the plasma’s opac-
ity κλ and mass density density ρ. The spectral radiance Lλ of an extended one-
dimensional plasma can be calculated by means of its optical depth as [86]

Lλ = Sλ
�

1− e−τλ
�

. (4.4)
In local thermodynamic equilibrium (LTE), where collisional processes drive atomic
level populations, the source function Sλ equals the Planck blackbody function Bλ.
Rearranging Eq. (4.4), the optical depth of the recorded plasma spectrum can be
obtained from its relative spectral radiance Lλ/Bλ

τλ = − ln
�

1−
Lλ
Bλ

�

. (4.5)

The optical depths of two plasmas of similar temperatures, but with modestly dif-
ferent densities and length scales, may differ (in first approximation) only by a
single wavelength-independent multiplicative factor ai , relating the plasmas’ op-
tical depths via τλ,i = ai τλ,0. Here τ0 and τi are the two wavelength-dependent
optical depths of the reference spectrum and any other spectrum i, respectively.
The relative spectral radiances of these two plasmas can be related to each other
via Eq. (4.5)

Lλ,i

Bλ
= 1−

�

1−
Lλ,0

Bλ

�τi/τ0

. (4.6)

In order to apply Eq. (4.6) to the spectra measured, the relative spectral radiance
of the spectra must be known. To obtain the relative spectral radiance, the ratio of
observed spectrum Oλ (meaning the spectrum as recorded with the spectrometer)
and blackbody function is normalized to the peak value at 13.5-nm wavelength
(subscript p) by replacing L with L̃λ = OλBp/Op. The normalized ratio L̃λ/Bλ is
then multiplied by the amplitude factor 1− e−τp obtained from Eq. (4.5)

L̃λ,i

Bλ
=

1−
�

1− L̃λ,0

Bλ
(1− e−τ0,p)

�τi,p/τ0,p

1− e−τi,p
. (4.7)
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Note that the wavelength-dependent optical depth values (τ0,λ) from Eq. (4.6) have
been exchanged by their peak values (τ0,p). This generalized equation allows for
determination of peak optical depth in optically thin plasmas in LTE if the peak
optical depth of one of the spectra is known. In the current analysis the use of
Eq. (4.7) results in optical depth values that are mostly very similar, but some of
which are up to 25% lower for the smallest optical depths cases (τ∼ 2), than when
using Eq. (4.6). Using Eq. (4.7) the peak optical depths τi,p of all spectra are fitted
with respect to a reference spectrum of known peak optical depth (see main text).
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The emission properties of tin plasmas, produced by the irradiation of preformed
liquid tin targets by several-ns-long, 2- m-wavelength laser pulses, are studied in
the extreme ultraviolet (EUV) regime. In a two-pulse scheme, a pre-pulse laser
is first used to deform tin microdroplets into thin, extended disks before the main
(2 m) pulse creates the EUV-emitting plasma. Irradiating 30- to 350- m-diameter
targets with 2- m laser pulses, we find that the efficiency in creating EUV light
around 13.5 nm follows the fraction of laser light that overlaps with the target.
Next, the effects of a change in 2- m drive laser intensity (0.6–1.8 1011 W/cm2)
and pulse duration (3.7–7.4 ns) are studied. It is found that the angular depen-
dence of the emission of light within a 2% bandwidth around 13.5 nm and within
the backward 2 hemisphere around the incoming laser beam is almost indepen-
dent of intensity and duration of the 2- m drive laser. With increasing target di-
ameter, the emission in this 2% bandwidth becomes increasingly anisotropic, with
a greater fraction of light being emitted into the hemisphere of the incoming laser
beam. For direct comparison a similar set of experiments is performed with a 1- m-
wavelength drive laser. Emission spectra, recorded in a 5.5–25.5 nm wavelength
range, show significant self-absorption of light around 13.5 nm in the 1- m case,
while in the 2- m case only an opacity-related broadening of the spectral feature at
13.5 nm is observed. This work demonstrates the enhanced capabilities and perfor-
mance of 2- m-driven plasmas compared to 1- m-driven plasmas providing strong
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5.1 Introduction

Laser-produced plasmas containing highly charged tin ions are the light source of
choice for state-of-the-art extreme ultraviolet (EUV) lithography [11, 18, 31, 32,
63, 65, 80–82, 90, 103]. Tin is used because no less than five of its charge states
(Sn –Sn ) strongly emit in a narrow band around 13.5 nm [19, 21–27, 29,
30, 93] that matches the peak reflectivity of available multilayer optics [10, 40].
The tin ions are bred in a hot ( 30–60 eV) and dense ( – ) plasma.
Starting from mass-limited tin-microdroplets, a low intensity deforms the
droplets into a shape better suited for interaction with a second high-intensity

, used to create the EUV-emitting plasma. This two-step process is crucial for
reaching source efficiencies and power levels that allow for the industrial utiliza-
tion of EUV lithography [34, 69, 104, 105]. Currently, 10.6- m-wavelength CO
gas lasers are used to drive the plasma. Recent simulation studies however have
drawn significant attention to the use of a 2 m main pulse, a wavelength at which
high-power solid-state lasers may soon become available [15]. Typical advantages
of near-to-mid infrared solid state over gas lasers are their more compact build and
higher wall-plug efficiency. Shorter drive laser wavelengths have the additional ad-
vantage of a higher coupling efficiency of laser light with the tin plasma. Given a
higher critical electron density ( ), the shorter wavelength laser light is
absorbed in regions with higher emitter and absorber density. This may benefit the
obtainable source brightness but an associated increase in optical depth [89, 106]
leads to increased broadening of spectral features outside of the for EUV lithogra-
phy relevant region, defined as a 2% bandwidth centered at 13.5 nm. This
broadening may limit the obtainable conversion efficiency (CE) of laser energy into
in-band radiation into the backward hemisphere towards the laser origin. Limita-
tions on the spectral performance of EUV sources imposed by optical depth have
been studied in detail for plasmas driven by 1- m Nd:YAG lasers [44, 84, 89]. A
2- m wavelength, between the widely investigated 1 and 10 m, is an interest-
ing candidate providing intermediate plasma densities and hence optical depth.
In addition to 2- m systems based on difference frequency generation [92, 106,
107], high-power Big Aperture Thulium (BAT) laser systems, operating at 1.9- m
wavelength, are currently under development [16, 98].

Despite its importance for EUV lithography, literature on the production of
in-band radiation from mass-limited, pre-pulse deformed targets remains rather
scarce, with the majority of studies to-date focusing on =10 m main pulses
(see, e.g., [105, 108–110]). A broad body of literature has investigated experi-
mentally the emission from undeformed liquid tin droplet targets [64, 65, 84, 94],
coated spheres [59] or solid-planar targets [49, 52, 62, 111] using 1- m solid-state
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[106] have recently been presented. Both works demonstrate the potential of the
2- m drive wavelength, showing a doubling of the obtainable CE over the 1- m
driver, to a 3% level for the solid-planar tin target. At this 3% level the overall
conversion efficiency of wall plug power to in-band EUV may be at par with the
current CO -driven industrial solutions. Literature on industrially-relevant mass-
limited deformed targets interacting with either 1- or 2- m main pulse beams at
high CE is however not yet available.

In this chapter, EUV light production from mass-limited tin targets, suitably
shaped by a 1- m laser pre-pulse, is investigated using 1- and 2- m main pulse
laser systems to drive the plasma. First, plasma produced with a 2- m laser beam
is investigated for three different laser intensities and three laser pulse durations.

5.2 Experiment

In the experiments, micrometer-sized liquid tin droplets are first irradiated with
a relatively low intensity ( 10 W/cm ), 1- m wavelength pre-pulse (PP, see Fig.
5.1(a)) from an Nd:YAG laser. The spatial beam profile of this pre-pulse laser is
Gaussian with a size of 120 m at full width at half maximum (FWHM). Its tem-
poral pulse shape has a FWHM of 25.9 ns (see Fig. 5.1(d)). A constant pre-pulse
energy of 8.4mJ was used throughout the experiments. The pre-pulse propels the
droplets and deforms them into extended, disk-like targets of diameter [35, 70,
112, 113]. The deformation of droplets having a diameter and a propulsion ve-
locity happens on an inertial time scale while the action of surface tension
reduces the expansion speed on a longer capillary time scale, eventually causing
the collapse of the disk after several microseconds [35]. Typical radial expansion
speeds of 90m/s and propulsion velocities of 70m/s are reached in the case of
30 m droplets.

The produced targets are radially symmetric and thickest in their center with
a radially decreasing thickness [112, 113]. Furthermore, target thickness reduces
with increasing expansion time. Using the results of Ref. [112], we deduce that tar-
gets are produced with thicknesses ranging from m at zero expansion time
down to 50 nm for the largest target diameters obtained at the longest expansion
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Figure 5.1:
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tions of CCD cameras and long-distance microscopes (see Fig. 5.1(b)). Temporal
resolution is achieved by back-lighting the tin targets with spatially and temporally
incoherent 560-nm-wavelength pulses of 6 ns duration. Examples of typical targets
are shown in Fig. 5.1(c).

After a set time delay the targets are irradiated with high-intensity 2- m-wave-
length laser pulses. The pulses are produced in a master oscillator power amplifier
(MOPA) [106, 107] that was built following the work of Arisholm [92]. Signal
and idler pulses having energies up to 180mJ each are produced at wavelengths of
1.9 and 2.1 m, respectively. Depending on the precise experimental conditions,
the pulse duration of the MOPA system can vary between 3.7 to 4.6 ns, and the
exact, measured pulse durations are stated for each measurement in the following.

For the first set of experiments, the signal beam is removed via polarization
optics and only the idler beam of the MOPA is focused onto the tin droplets. The
focal spot of the idler beam is Gaussian and has a FWHMof 106 m (see Fig. 5.1(e)).

In a second set of experiments, the pulse duration of the 2 m beam is varied
between 3.7 ns (idler only) and 7.4 ns (idler and signal) at equal laser intensity.
To achieve the longer pulse duration, the signal beam, which is separated from
the idler via a thin film polarizer (TFP), is sent into an optical delay line of 1.2m
length. The focusing conditions of the delayed signal beam are matched to those
of the idler by adjustment of beam size and collimation via a telescope within the
delay line, resulting in a Gaussian focal spot size of 106 m FWHM for both beams.
After collimation adjustment the beams are combined again with a second TFP.
The signal energy is adjusted via a -waveplate before this second TFP.

To enable a direct comparison of plasmas driven by 1- and 2- m-wavelength
laser pulses, the 1- m beam of the MOPA pump laser is focused on the tin targets
in a third and final set of experiments. The pump laser is a seeded Nd:YAG laser
with a temporal Gaussian profile of 10.4 ns (FWHM). Using a telescope the 1- m
pulses are adjusted in size and collimation and a focal spot size of 94 101 m is
achieved close to the dimensions of the 2- m beam spot. Before focusing on the
droplets, the beam energy is adjusted by a combination of a plate and polarizer
after which the 1- m beam is overlapped with the 2- m beam, just before the final
focusing element. Laser intensity is calculated with respect to its peak in space and
time according to , is the laser
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5.3 EUV generation using 2-µm light on preformed targets

5.3.1 Target diameter

To investigate the influence of target size, tin targets of various sizes as produced
from pre-pulse-impacted 27- m-diameter droplets are irradiated with laser pulses
having an intensity of 0.6 1011 W/cm2 and a pulse duration of 4.5 ns (downward
triangles in Fig. 5.2). Data recorded using higher laser intensities and different
pulse lengths are also shown but will be discussed in Sections 5.3.2 and 5.3.3,
respectively. Starting from an undeformed droplet target, CE has a low value
of approximately that almost linearly increases with target diameter (see
Fig. 5.2(a)). At diameters of 180 m and above, CE starts to plateau at a value
of approximately 2.6%. This plateau sets in where the target is roughly a factor
of 2 larger than the FWHM size of the beam. A similar result was observed for
1- m-driven plasmas from tin coated glass spheres by Yuspeh [60].

An increase in CE with target diameter is expected as an enlarged target diam-
eter increases the geometrical overlap of laser beam and target. This overlap frac-
tion is referred to as energy-on-target (EoT, following the definition in Refs. [35]
and [70]). We note that there is a near complete absorption of laser light by the
efficient inverse bremsstrahlung mechanism for this wavelength laser light at the
here-relevant intensities [70], where laser light geometrically overlaps with the
target. For a circular spot, EoT is given by the function which is an
excellent approximation for the current focal spot shapes (cf. Fig. 5.1(e)), where

. The free fit factor , the amplitude of the EoT curve, is obtained
from a global fit to the asymptotic CE value of all data presented in Fig. 5.2(a) and
5.2(e). The observed dependence of CE on target size is seen to be well approxi-
mated by the geometric overlap function (dashed line in Fig. 5.2(a)).

All CE values are calculated from angular-resolved measurements of the plas-
ma’s in-band emission and all data points represent the mean over 300 individ-
ual laser shots. The angular dependence of the measured in-band energies (see
Fig. 5.2(k)) is first fitted with Eq. (5.1) and the CE value is subsequently calcu-
lated using the integration result from Eq. (5.2). For better visibility, all curves in
Fig. 5.2(k) are normalized at 0°. Eq. (5.1) is seen to accurately describe the angular
dependence of the in-band EUV emission. The increase of in-band light observed at
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Figure 5.2: Caption on the following page.
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Figure 5.2: (Figure on the previous page)

increasing target size may be caused by the one-sided heating of the expanded
tin target by the laser beam. Plasma emission in this direction is shielded by the
target (which is still thought to be present in liquid form during the laser pulse)
and only plasma formed on the edge of the target presumably contributes to in-
band emission under angles larger than 90°. The dashed line in Fig. 5.2(k) shows
Lambert’s cosine law for the angular emission from a planar surface. With increas-
ing target diameter the in-band emission starts to converge to this depen-
dence, however without fully reaching it. This might be expected because of the
3-dimensional extent of the plasma, causing departure of the emission character-
istics from a Lambert-type distribution. Furthermore, emission will always exist at
angles larger than 90° from the edge of the plasma unless .

Next, the angular in-band distribution is quantified via an anisotropy factor,
defined as the ratio of / , meaning the fraction of in-band energy that
is emitted into the backward hemisphere of the incoming laser beam, relevant for
EUV lithography applications. The anisotropy factor starts at a value of 0.57 for
the droplet target, where 0.5 indicates an equal split between both hemispheres
(see Fig. 5.2(d)). The anisotropy factor then linearly increases with target diameter
up to a value of 0.79, meaning that an ever-larger fraction of the in-band EUV is
emitted into the backward hemisphere.

The in-band energy emitted in the 2 hemisphere towards the laser (obtained
from multiplying the CE with the laser pulse energy) is shown in Fig. 5.2(i). Nat-
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target diameters. For visibility and ease of comparison the spectra are normalized
to their respective maximum values. Similar to previously published work, where a
2- m laser was used to produce plasma from spherical, undisturbed droplet targets
[106], all spectra show a strong emission feature at 13.5 nm originating from tran-
sitions in Sn –Sn ions [18]. Transitions in these charge states further lead to the
radiation observed in the 6–12 nm wavelength region [76]. With increasing target
diameter, the feature at 13.5 nm widens significantly from 0.8 to 1.5 nm (FWHM).
These are values between those of 1- m-driven low-density plasmas from planar
SnO targets of 0.5–1.5 nm [111, 114] and plasmas from solid-planar tin targets of
typically 2–3 nm [46]. In Ref. [84] a FWHM of 0.9 nm was reached in the case of a
1- m-driven plasma on a tin microdroplet target. 10- m laser-driven tin plasmas
typically have a narrower 13.5-nm feature, reaching 0.6 nm (FWHM) [13]. The
2- m-driven plasma is thus seen to produce spectra with spectral widths typically
in between those produced with 1- and 10- m laser-driven pure tin plasmas.

In contrast to the scaling of CE, SP has its maximum at the smallest target di-
ameter. The highest value shown in Fig. 5.2(b) is 11.5% at a 90 m diameter down
from a maximum value of 14% for the case of an undeformed droplet. SP for the
undisturbed droplet target for this lowest intensity case is omitted from Fig. 5.2(b)
due to the low signal-to-noise ratio in the recorded spectrum. With increasing target
diameter SP is observed to decrease monotonously, an effect previously observed
for 1- m beams on droplet targets [84]. Above 200 m diameter the decrease in
SP plateaus towards a value of 7.5% at a 300 m diameter. These SP values are
consistent with Ref. [107], where the SP for planar-solid tin target plasmas was
measured at 7.4% (dashed line in panel (b)).

Using these SP values as input, a monotonic increase of with target diameter
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5.3.2 Laser intensity

Next, target diameter scans are performed for two higher laser intensities of 1.0
and 1.3 10 W/cm . The CE curves for all three laser intensities show a trend
very similar to the 0.6 10 W/cm intensity case presented in Sec. 5.3.1 (see
Fig. 5.2(a)). For all target diameters, CE values are found to be slightly higher
at higher laser intensities. The maximum CE value at large target diameters in-
creases modestly from 2.6 to 2.9%. The angular distribution of in-band emission
is observed to be independent of laser intensity within the scanned range (cf. Fig.
5.2(m)). Given the constant maximum CE values, the amount of in-band radiation
increases linearly with increasing laser intensity, with up to 2.3mJ of in-band light
obtained for the highest intensity case (see Fig. 5.2(i)).

In Fig. 5.2(l) normalized spectra for a target diameter of 270 m are shown.
For all spectra, the 8–25 nm region looks remarkably alike. The most prominent
difference between the spectra is seen in the 5–8 nm region where the amount of
radiation is observed to increase with increasing laser intensity. This emission could
stem from charge states Sn (and above) as well as from an increased fraction of
light being emitted from electronic states having higher excitation energies. The
corresponding SP values are shown in Fig. 5.2(b). All laser intensity cases follow
the same trend. The maximum SP value for the two higher intensities is 14.5% and
is reached at the smallest target diameter, i.e., the undeformed droplet target. SP
steadily decreases with increasing target size, and levels off at a value of up to 8%
depending on intensity. Even though the differences in SP are small, we do note that
optimum SP values are observed for an intermediate intensity of 1.0 10 W/cm .

5.3.3 Pulse duration
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-plates and TFPs. Signal and idler beams are set to have equal energies. The re-
sulting temporal pulse profile is shown in Fig. 5.1(d). Measurements are taken with
35- m-diameter droplets, slightly larger than those used during the laser intensity
scan. We note that no dependence of CE with initial droplet diameter is observed
for target size scans performed for a range of droplet diameters from 19–45 m
diameter as long as the target thickness is sufficient to supply tin throughout the
laser pulse. As an additional data set for the laser pulse duration we add the high-
intensity (1.3 10 W/cm ) scan from the previous Sec. 5.3.2 that had slightly
longer idler pulse duration of 4.6 ns due to slightly different settings of the MOPA
system.

Again, CE is found to follow the same trend with increasing target diameter as
described in Sec. 5.3.1. A slightly higher maximum CE value of 2.9% is observed
for the short and intermediate pulse durations, compared with a value of 2.6%
obtained for the longest pulse duration. We note that the small observed changes
in CE may lie within the systematic uncertainties of the experiment. The rather
small changes in CE with pulse duration, as well as laser intensity, imply a near-
linear scaling of in-band energy with laser energy. The in-band energy (Fig. 5.2(i))
indeed almost doubles when doubling the laser pulse duration, and up to 3.8mJ
of in-band energy are measured per pulse. The angular distributions of in-band
EUV emission are all rather similar up to an angle of 64° from which point the
7.4-ns case shows increased emission. The anisotropy factor in this 7.4-ns case
(see Fig. 5.2(h)) roughly follows the one of the short and medium pulse duration
cases up to a target diameter of 180 m, after which it remains roughly constant at
values around 0.6. This observed difference may be attributed to an increased EUV
emission volume (which increases pulse duration), partially extending beyond the
liquid disk target, which enables radiating into the forward hemisphere.

The recorded spectra, shown in Fig. 5.2(n), are remarkably similar when com-
paring the different laser pulse lengths. The only minor visible difference is the
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5.4 EUV generation using 1- and 2-µm laser light

In the second experiment, plasma is produced using the 1- m laser beam at an
intensity of 2.3 10 W/cm . This choice of laser intensity ields identical emis-
sion features in the 5–12nm region compared to the 1.0 10 W/cm intensity at
2 m. Equivalent spectral features ensure a similar charge state distribution of the
plasma as each feature is charge-state specific. The factor of 2.3 difference in rela-
tive intensity is in agreement with the intensity ratios observed for droplet targets
[106] as well as for planar-solid targets [107]. Given the fact that no significant
impact of pulse duration on CE, SP, and rad was established for the 2- m data
(Sec. 5.3), the current comparison of a 4.3 ns, 2 m pulse with a 10.4 ns, 1 m one
is apt.

As shown in Fig. 5.3(a), CE is found to increase monotonically with increasing
target size in the 2- m case until the laser beam reaches full overlap with the tar-
get, as described in Sec. 5.3. For the smallest target diameter, i.e. an undeformed
droplet, CE is significantly higher in the 1- m case because of an increase in ab-
sorbed laser light fraction caused by the longer 10.4 ns laser pulse duration [84]
and similar CE values are expected on an undeformed droplet for identical laser
conditions [115]. In addition to the longer pulse duration, differences in the tem-
poral shape may contribute to the observed difference in CE for the smallest target
sizes: the slowly rising intensity of the Gaussian profile of the 1- m pulse would
lead to further plasma expansion and, thus, to an increased overlap between ab-
sorbing material and the laser beam spot. This effect becomes insignificant with
increasing target diameter, with CE values exceeding the 1- m case for target di-
ameters greater than 50 m. The 1- m CE is found to increase in a near-linear
fashion up to a value of close to 1% at 156 m target diameter, where the scan
ends because of technical problems of the PP laser. From measurements on planar-
solid targets, CE values of 1.8% were inferred from measurements performed at a
representative angle of 60° for a shorter 4.8 ns pulse duration and a slightly smaller
circular 66 m diameter (FWHM) spot [107]. Following the trend of the EoT curve
fit to the data (dashed line), from which the prefactor is obtained, slightly lower
CE values of 1.2% are expected in the current case, which may be explained by the
longer duration and larger spot size in this study. In the 2- m case, CE values mea-
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Figure 5.3:
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For the 270 m target diameter in the 2- m case (see Fig. 5.3(i)), the in-band
emission monotonously decreases with increasing angle whereas in the 1- m case
the maximum in-band emission is observed not at 0°, but at larger angles between
30° and 115°. A similar preference for emission of in-band radiation at an angle of
45° over a 30° angle was also observed for a planar-solid target [94].

For the droplet target the anisotropy factor attains a value of 0.57, identical for
both laser wavelength cases (see Fig. 5.3(d)). The anisotropy factor in the 2- m
case linearly increases with increasing target diameter as discussed in Sec. 5.3.2. In
the 1- m case the anisotropy factor increases more modestly with target diameter.
Uncertainties related to the relatively poor fit of the anisotropy function to the 1- m
data, which unexpectedly converges to 0 at 180 , may lead to a slight systematic
overestimation of the anisotropy factor.

The in-band energy values displayed in Fig. 5.3(e) trivially follow the scaling of
CE. In the 1- m case, values of almost 3mJ per pulse are achieved as a result of the
large pulse energies. We note that higher in-band energy was obtained in Sec. 5.3
for the 2- m driver using significantly less laser energy (viz. 123 vs 291mJ pulse
energy) at equal target diameters demonstrating here the significant advantage of
the 2x longer drive laser wavelength.

For undeformed droplet targets, the spectra for the 2- m case show a much
narrower main emission feature and, relative to the 13.5-nm peak, less out-of-
band radiation is emitted in the 2- m case (see Fig 5.3(f)). These observations
are consistent with earlier results [84, 106]. With increasing target diameter the
differences in the spectral emission between the two drive laser wavelengths be-
come even more pronounced. In the 2- m case, the main emission feature simply
broadens with target diameter (see Fig. 5.2(h)), in line with expectations from an
associated increase in optical depth [89]. In the 1- m case, the shape of the main
emission feature changes drastically due to strong self-absorption, causing the emis-
sion maximum to shift to shorter wavelength. This ‘missing’ emission in the main
feature in the 1- m case is qualitatively well explained by absorption of in-band
radiation from a hotter plasma zone by a colder less emissive plasma zone [96,
107].

SP is found to decrease monotonously with increasing target diameter for both
wavelength cases (see Fig. 5.3(b)). In the 1- m case, the SP for small target diame-
ters is on the order of 10%, and is observed to decrease more rapidly than its 2- m
counterpart down to 5.5% at a 156 m diameter. From measurements on planar-
solid tin targets, SP values as low as 4% are expected in the 1- m case which may
be taken as the asymptotic value of SP towards infinite target size [107].

Radiative efficiency, measured at an angle of 60°, is very similar in both wave-
length cases (see panel (c)). For the 1- m case, the fit of the EoT function (dash-
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No major differences between the radiative efficiencies and the anisotropy fac-
tors are observed. Comparing the two drive laser wavelength cases, the differences
in CE are largely attributable to the decrease in SP. This link between CE and SP
further supports the findings of Behnke [107], where experiments on solid tin
targets demonstrated that plasmas driven by 1- m laser light exhibit strong EUV
self-absorption which is absent in the 2- m spectra. This makes 2- m-driven plas-
mas the more efficient emitter of in-band EUV radiation. We note that conversion
efficiencies of up to 3% can in fact be achieved for the 1- m drive laser case for a
homogeneous heating of undeformed droplet targets with several 10-ns-long, spa-
tially flattop-shaped laser pulses [84]. Thus, on one hand, the current limitations
to CE for the 1- m drive laser case for extended disk targets may be eased using

5.5 Conclusions

We have studied plasmas produced from laser pre-pulse preformed liquid tin disk
targets with diameters ranging 30–350 m using 1- and 2- m drive laser systems.
For the 2- m driver, the conversion efficiency of laser energy to EUV radiation
closely follows the fraction of the laser energy absorbed by the tin target and CE
values of up to 3% are obtained for the largest targets. Conversion efficiency (CE),
spectral purity (SP), radiative efficiency ( ), and spectral emission are found to
be nearly independent of laser intensity and laser pulse duration in the here-studied
parameter range. Consequently, a linear increase of in-band radiation towards the
backward hemisphere with laser energy is observed when increasing either param-
eter and further scaling of in-band output per tin target with laser intensity and
pulse duration may be possible at little to no cost regarding CE.

Direct comparison of the emission characteristics of 1- and 2- m-driven plas-
mas reveals significantly lower CE values for the 1- m driver under the current
experimental conditions when using extended disk targets. The lower 1- m CE is
explained by the particularly strong self-absorption of the emitted EUV radiation
in the 1- m-driven plasma. Further improvements in terms of CE may be obtain-
able by homogeneous heating of suitably shaped tin targets with longer laser pulses
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