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INTRODUCTION

Integrated circuits (ICs) are essential in modern life, providing the computing power
necessary to process vast amounts of data and perform complex calculations. As the
backbone of the digital age, high-performance ICs drive innovation and enable the
seamless functioning of our increasingly interconnected world, shaping the future
of technology and human progress. In the age of climate change and the growing
demand for new technologies, the energy e ciency of integrated circuits has become
increasingly important. Koomey's Law, which states that the number of computations
per unit of energy approximately doubles every 1.5 years, highlights the increasing
e ciency of ICs over the past decades [1]. This ongoing improvement in e ciency is
largely driven by innovations in the semiconductor manufacturing process, particularly
in the eld of lithography.

Lithography, the process of creating patterns on a surface using light, is a crucial
component of semiconductor device manufacturing. Miniaturization, an essential
aspect of this process, enables the creation of ever smaller and more complex features
on silicon wafers from which ICs are made, which ultimately leads to improved energy
e ciency. Achieving miniaturization in lithography involves reducing the wavelength
of the light and with it the ultimately reachable feature sizes that can be printed on a
wafer. Since 2019, extreme ultraviolet (EUV) lithography (EUVL) has been adopted
for high-volume manufacturing, using light of wavelength 13.5 nm [2]. Generating the
250 W of EUV light required for the cost-e cient use of EUVL machines is challenging.
The 13.5nm EUV light for these scanners is provided by an EUV source based on the
irradiation of micrometer-sized droplets of molten tin by a series of laser pulses. First,
a low energypre-pulsedeforms the droplet into a thin disk-shaped tin sheet. Second,
a high-energymain-pulsethen irradiates the sheet to create a plasma comprised of
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multiply charged S#* Snl4* jons emitting the desired 13.5 nm EUV light. This EUV

light is re ected toward the intermediate focus (IF), where the source connects to the
scanner, by the multilayer collector mirror. A powerful &@as laser is used to create

the high-energynain-pulseat 10um-laser-wavelength. CQgas lasers were chosen

as plasma drivers due to their good scalability of output power and high obtainable
e ciency in transforming laser energy into usable EUV light at 13.5 nm. To obtain the
required 250 W of EUV light, a laser average powef 86 kW achieved byi 50 kHz
repetition rates is necessary. The semiconductor roadmap even calls for a stable 1000
Watt source to enhance productivity, which would require quadrupling the current
source performance, including a drastic increase in the required laser power.

Using CO-gas lasers has several drawbacks in addition to its large and expensive
physical footprint. The main disadvantage is the poor e ciency of converting electrical
power to laser light (wall plug e ciency) of approximately 2 3%, in the industrial
application, leading to megawatt-level electrical power consumption for a single EUVL
unit. Since the manufacturing of ICs increasingly dominates the total carbon emissions
of many IC-based devices and applications [3], the semiconductor industry plays an
important role in combating climate change. A considerable contribution to the carbon
footprint of the semiconductor industry comes from the high power consumption of
EUVL machines. Transitioning to modern solid-state lasers could potentially enhance
the energy e ciency of EUVL systems drastically: For example, the Yb:YAG (disk)
laser exhibits wall plug e ciencies of 20 30% [4], roughly a factor 4higher than
the wall plug e ciency of CO,-gas lasers. In addition, a solid-state laser would require
a smaller physical footprint and is expected to be more easily scaled to higher output
powers to meet future EUV power scaling demands. High demands on the average
power limit the selection of possible solid-state lasers suitable for driving the plasma
in EUVL. Besides the already mentioned Yb:YAG laser or a Nd:YAG laser, the high-
power big-aperture thulium (BAT) laser based on a concept introduced by Lawrence
Livermore National Laboratory is a promising candidate for driving the EUV emitting
plasma [5, 6]. The BAT laser operates nean2wavelength and is expected to have a
wall plug e ciency comparable to that of the Im-wavelength Yb:YAG or Nd:YAG
laser. New solid-state lasers operating at longer wavelengths may be enabled by future
advancements in laser technology. This promising selection of laser technologies
raises the intriguing question: What is the optimum laser system for driving the next
generation's EUV sources?

To help answer that question, the impact of the drive laser wavelength on the
EUV-emitting plasma needs to be studied. An important plasma parameter for EUV
source performance is the conversion e ciency (CE) of the drive laser pulse energy
to usable EUV emission within the 2% wavelength bandwidth around 13.5 nm (this
bandwidth is referred to @s-bandand is due to the multilayer optics) emitted in the
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Figure 1: CE (black squares) and SP (yellow circles) as a function of laser wavelength. Data from
radiation-hydrodynamics RALEF-2D simulations of plasma from a liquid tin droplet target, taken
from Hemminga et al. [7]. Laser intensities are scaled with wavelength to be close to the optimum
for in-band emission. Gray squares def@&_.P,,, P,.4 taking into only account the absorbed
fraction P, of incoming laser energ, .4, showing that reduced laser absorption is responsible
for the declining CE beyond 4m laser wavelength.

2 steradian angle toward the collector mirror. Note, the CE is not only important
to the overall e ciency of an EUV source but is also crucial to achieving the EUV
source power requirements dictated by the semiconductor industry. Any lack in CE
must be compensated with more laser power, potentially increasing the load from
harmful plasma emissions such as tin debris, ions, and out-of-band radiation that may
pose a risk to the costly EUV collector mirror. Another important parameter is the
spectral purity (SP) of the EUV emission spectra, indicating the fraction of energy
contained within the 13.5 nm in-band region over the energy in the spectral range from
5.5 25.5nm. Experimental investigations have shown th&t% CE values can be
reached when the droplet is directly irradiated by jani-wavelengthmain-pulsefrom

an Nd:YAG laser, while plasma driven by a iii-wavelength CQ-gas laser reaches

CE values of 5-6% (using a preformed disk target). Recent simulations performed
for droplet-tin targets by Hemminga et al. [7] show a strong dependence of CE on
the drive laser wavelength, as depicted in Figl. This drive-wavelength dependence
of CE can be explained by the interplay between increasing SP (yellow dots) and
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decreasing laser absorption of the tin plasma for increasing drive laser wavelength.
The increase in SP with wavelength is attributed to reduced spectral broadening. This
behavior is expected since the e ective plasma density decreases with increasing drive
laser wavelength leading to a reduction in optical depth which determines the spectral
broadening. The decrease of laser absorption with wavelength is attributed to the
decreasing typical plasma density with wavelength (see below) which correlates with
increasing laser re ectivity. The CE corrected for the laser energy re ected by the
plasma (gray squares; see the caption for details) shows a monotonic increase with
drive wavelength, in line with the aforementioned reduction in optical depth. The laser
absorptivity for laser wavelengths larger thapn3 can be increased by pre-irradiating
the tin droplet to transform it into a rare ed, spatially extended target. This leads to
the already mentioned 5-6% CE in the case of thegrhOwvavelength CQ-gas laser
at the cost of a spatially extended EUV plasma (cf. next paragraph). Interestingly, a
2-um-drive wavelength already shows potential for a signi cant improvement in CE
compared to the iim-wavelength case. To optimize the global e ciency in turning
electrical power into usable EUV light, the(n-wavelength seems most promising
because of the availability of e cient solid-state laser technologies such as for example
Tm:YAG and Ho:YAG both operating at @m-wavelength. Alternatively, non-linear
conversion via optical parametric ampli cation ofuin-wavelength radiation from the
mature Yb:YAG laser, would be most e cient at the degeneracy wavelengthuat, 2
as elaborated on in the patented concept by Behnke [8]. It is yet unclear which laser
system could provide the steep power demands (pulse energy and repetition rate) for
an industrial EUV source.

In addition to o ering a potential sweet spot of high obtainable CEs and available
e cient solid-state laser technologies, |@n-drivers could enable smaller plasma sizes.
The plasma size is of relevance since the etendue of the collector mirror limits the
size of the EUV-emitting plasma that can be imaged onto the waver. The drive laser
wavelength .., determines the critical density, x ;Zserof the plasma, beyond
which the laser light cannot propagate. Since most of the laser energy is coupled into
the region close to theritical surface(i.e., the surface where the critical density is
reached), the critical density surface determines the size of the EUV emitting volume.
E ectively, the drive-laser wavelength sets the achievable plasma EUV emitter density,
through the associated critical density, and thus could enable smaller plasma sizes
while preserving the total count of emitting ions contributing to useful EUV radiation.
A 2 pym-wavelength-driven plasma could enable signi cantly smaller plasma sizes
compared to current CQgas laser-driven EUV sources. There is even a possibility of
using only amain-pulsewhich would reduce the complexity of the EUV source since
apre-pulselaser including its beamline would no longer be required.
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The outlook of signi cantly improving the overall e ciency and performance of
EUVL systems by transitioning to e cient and reliable|2n-wavelength solid-state
lasers calls for an experimental campaign investigating the performanganofdtiven
EUV plasmas. In addition to the need to demonstrate high CE values, the scaling
potential of the total in-band energy toward >10 mJ per pulse also needs to be shown to
be able to rival existing C@gas-laser-driven EUV sources. High in-band energies are
required to eventually enable the 1000 W of usable EUV power in an EUVL system
for enhanced productivity while remaining at manageable repetition rates. Solid-state
lasers could potentially provide higher laser pulse energies than thegg&Oaser,
enabling scaling of the overall power output without increasing the repetition rate. In
order to convert more laser energy to usable in-band light, one could exploit several
options: longer pulse durations further extending the duration of the plasma, bigger
laser beam spot sizes on target, or simply using higher laser intensities. Each of these
options needs to be thoroughly investigated, particularly in view of their impact on
CE for promising solid-state laser wavelengths such as tli@.2Additionally, it is
important to study the tin mass consumption to optimize the tin mass e ciency, thereby
limiting debris generation, and enabling a su cient supply of tin at high laser pulse
energies. On the basis of these studies, one needs to advise a strategy and a target
preparation scheme tailored to the laser beam characteristics to ultimately enable high
in-band energies.

The aim of this Thesis is to experimentally investigate and understand plasmas, and
learn what CE and which in-band energies can be achieved by irradiating tin targets
with 2-um-wavelength laser light. To do so, we built u&+wavelength system, based
on the parametric conversion ofula- into 2{um-wavelength, and applied it in our
investigations of EUV light generation. This laser system is not envisioned to be used
in any industrial application since it runs at a low 10 Hz repetition rate, but it is valuable
as a rst plasma driver to characterize the EUV emission fropm2wavelength
driven tin plasmas. Our studies include a comparison pmt-and 2pm-driven
plasmas to gain insight on how the expected reduction in optical depth a ects the
CE and obtainable overall in-band energy. This insight is valuable to characterize
and understand the e ects of di erent laser irradiation parameters (i.e., laser intensity,
laser pulse duration, laser beam spot size, and intensity distribution) and tin target
morphology. We systematically investigate how the in-band energy that could be used
in EUVL scales with laser irradiation parameters and tin target size. The goal is to
determine if the in-band energy could be scaled to energy levels relevant to the industry
without impairing the CE. Showing high obtainable CEs fromn2-wavelength driven
EUV plasma close to those from the ¢@as laser, at relevant in-band energies would
be a critical rst step towards demonstrating the feasibility to enhance the overall energy
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e ciency of EUV sources by using 34m solid-state-lasers.

Thesis outline and summary

Chapter 1introduces a laser system that generates high-energy pulsgsraiave-
length with pulse widths tunable from 10 24 ns. This laser system comprises an optical
parametric oscillator that generates mJ-level signal seed radiation and an optical para-
metric ampli er that boosts the output to 800 mJ of combined signal and idler when
pumped with 2 J pulses of 1064-nm laser light. The system, operating with KTP crystals
and running at a 10 Hz repetition rate, is characterized in the spatial, temporal, and
spectral domains. The e ect of saturation leads to an output pulse approaching at-top
spatial and box-shaped temporal pro les, as desired in the current application. The
ampli ed pulses can be imaged down to sub-l@®diameters (we make use of this

in nal Chapter 5), making this laser system a suitable driver for plasma sources of
extreme ultraviolet (EUV) light.

In Chapter 2, a rst comparative experimental study of laser-produced plasmas driven
by 14um and 2pm pulsed lasers is conducted, examining a wide range of intensities.
Both lasers produce similar EUV spectra and plasma ionicities when the intensity ratio
is kept constant dt; ,_I, ,, = 2:4.7/. Crucially, the conversion e ciency (CE) of
2-um-laser energy into radiation within a 2% bandwidth centered at 13.5 nm relevant
for industrial applications is found to be a factor of two larger. Our ndings regarding
the scaling of the optimum laser intensity for e cient EUV generation and CE with
drive laser wavelength are extended to other laser wavelengths using available literature
data.

Chapter 3 presents experimental spectroscopic investigations of EUV light emitted
from plasmas driven by m and 1pm wavelength lasers, produced from spherical tin
microdroplets, as a next step in investigating the applicability of thenZer EUVL
application. Under similar conditions and intensities, both lasers yield comparable
spectra and plasma charge state distributions when maintaining a xed intensity ratio.
The ndings, supported by simulations, indicate an inversely proportional scaling of
the relevant plasma electron density and drive laser intensities with laser wavelength.
The observed scaling extends to the optical depth in relation to droplet diameters and
emission maximization for EUV lithography. This scaling also extends to the optical
depth that is captured in the observed changes in EUV emission spectra over a wide
range of droplet target diameters.
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Chapter 4 investigates the EUV emission properties of tin plasmas driven jlon 2-
wavelength laser pulses. A two-pulse scheme is now used, where a pre-pulse laser
shapes tin microdroplets into thin disks, followed by the main pulse creating EUV-
emitting plasma modeled on the current state-of-the-art workings of EUV sources.
The e ciency of creating EUV in-band light around 13.5 nm is found to depend on the
geometrical overlap of laser light with the target. We show that the angular dependence
of the in-band emission around the incoming laser beam (backwahg@isphere) is
almost independent of the intensity and duration of ther2drive laser. For direct
comparison, a similar set of experiments is performed withueniwavelength drive

laser. Emission spectra show signi cant self-absorption of light around 13.5 nm in the
1-um case, while in the 24m case only an opacity-related broadening of the spectral
feature at 13.5 nm is observed. This di erence in spectral emission demonstrates the
enhanced capabilities and performance ph2-driven plasmas produced from disk
targets compared to dm-driven plasmas.

Chapter 5 experimentally investigates the emission properties of tin plasmas in the
EUV regime, using spatially at-top and temporally box-shaped laser pulses imaged
onto pre-deformed tin targets. Key performance indicators such as conversion e ciency
(CE), spectral purity, and angular distribution of in-band EUV emission are examined.
High CE values of up to 4.7%, outperforming plasma driven by lasers with Gaussian
beam pro les of about 60% are achieved. The performance indicators' scaling with
laser intensity, pulse duration, and spot diameter is also explored. We demonstrate
promising in-band energy scaling capabilities with in-band energies beyond 10mJ in a
2 srsolid angle, at high conversion e ciencies forin-driven plasmas, motivating

its application in future high-power EUV sources.

In the Conclusions we summarize the key learnings of this Thesis: We show how
employing a solid-state laser with a 2-micron wavelength to power the EUV-emitting
plasma could potentially enhance the overall energy e ciency of future EUV sources
signi cantly, compared to the traditional G&as laser-driven EUV sources. This
Thesis is completed with an outlook for future measurements, also at ARCNL, using
high-energy 24m drive lasers.






CHAPTER 1

HIGH-ENERGY PARAMETRIC OSCILLATOR AND AMPLIFIER
PULSED LIGHT SOURCE ATZ2-um

Lars Behnke, Edcel J. Salumbides, Guido Goritz, Yahia Mostafa, Dion Engels, Wim Ubachs,
and Oscar Versolato
Optics Expres81, 24142-24156 (2023).

Alaser system generating high-energy pulses at@m wavelength with pulse widths tunable
from 10 24 ns is described. It comprises an optical parametric oscillator that generates
mJ-level sighal seed radiation and an optical parametric ampli er that boosts the output
to 800 mJ of combined signal and idler when pumped with 2 J pulses of 1064-nm laser
light. The system operated with KTP crystals and running at 10 Hz repetition rate is
characterized in the spatial, temporal, and spectral domains. The e ect of saturation
leads to an output pulse approaching at-top spatial and box-shaped temporal pro les, as
desired in various applications. The ampli ed pulses can be imaged down to sub-1Q@n
diameters, making this laser system a suitable driver for plasma sources of extreme
ultraviolet light.
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1.1 Introduction

Mid-infrared (MIR) laser sources are of interest in various applications, including
spectroscopy [9], laser ranging (LIDAR) [10], medical applications [11], material
processing [12], and defense [12]. These applications require continuous-wave to ultra-
fast pulsed sources [13, 14]. High-energy laser sources of hanosecond pulses at 2 10
pm radiation are of particular interest for extreme ultraviolet (EUV) light generation

in EUV lithography [15]. Here, pulses of several hundred mJ are imaged onto tin
targets to create EUV emitting plasma. A full geometrical overlap of laser pro le and
target is crucial to obtain the highest conversion e ciencies of laser pulse energy to
EUV radiation [16]. This case poses an example of an application requiring high pulse
energies with good spatial and temporal beam characteristics.

Possible sources at|#n wavelength ful lling the aforementioned criteria are
Tm3*/Ho®*-doped solid-state and ber lasers [13]. An example is the high-energy Big
Aperture Thulium (BAT) laser system operating at filn8wavelength [5, 6]. This laser
has been demonstrated to provide an output of several 10 joules per pulse [17, 18],
albeit at a low repetition rate.

Alternatively, optical parametric oscillators (OPOs) can be used to generate MIR
laser light based on non-linear wave mixing. Nanosecond OPOs generating several
hundred mJ/pulse have been built [19, 20], but combining high energy, high e ciency,
and good beam quality remains a challenge [21]. Arisholm et al. [22] give an overview
of the main challenges of combining high pulse energies in OPOs and good beam
quality. High-energy OPO designs are limited by the achievable build-up time, which is
the characteristic time required for amplifying the signal beam from quantum noise to
signi cant pulse energies. The build-up time needs to be short compared to the duration
of the pump pulse to obtain a high overall e ciency because only after the build-up
time is e cient ampli cation of the signal beam possible. Since laser pulse durations
of high-power pump lasers are usually in the order of nanoseconds, it is crucial to limit
the build-up time to values well below that. This constraint limits possible resonator
designs, particularly regarding the maximum resonator length, that would enable more
transverse-mode control for beam quality enhancement. There are many approaches to
enhance beam quality, such as unstable confocal resonators [23 27] and image-rotating
resonator designs [21, 28, 29]. However, these approaches tend to increase the build-up
time [22]. Lowering the transverse mode count in the resonator by reducing the pump
beam diameter would lead (at constant energy) to exceeding the damage thresholds of
the non-linear crystals and other optics, resulting in a trade-o between pulse energy
and beam quality.

These limitations can be overcome by implementing a master oscillator and power
ampli er (MOPA) architecture [22, 30, 31]. In such a con guration, an OPO acts as the
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master oscillator creating a seed beam at relatively low pulse energies with a reduced
beam diameter, thus suppressing higher transversal modes. The OPO output beam is
expanded and used to seed an optical parametric ampli er (OPA) boosting the output
energy of the combined system. This design enables the generation of several hundred
mJ pulse energy at high spatio-temporal beam quality because the OPA does not allow
additional modes to grow.

The parametric MOPA introduced by Arisholm et al. delivered close to 300 mJ of
total pulse energy (signal and idler combined) at a pulse duration of 6 ns [22]. With our
present laser design, similarly based on KTP crystals, we demonstrate the generation of
2 um-wavelength laser light with more than twice the pulse energy, and with variable
pulse durations including temporal shaping. The quality of the output beam supports
the demagni cation of a at-top spatial beam pro le by a factor of 75, to below a
spot diameter of 10@m. We designed the MOPA for driving EUV-emitting laser-
produced plasma (LPP), and successfully used it to demonstrate tin-plasmas driven by
a 24m laser wavelength [15, 32, 33]. In this publication, we report on an extensive
characterization of our high-energy@a MOPA system.

1.2 Experimental setup

A schematic of the laser system is shown in Fig. 1.1. The upper panel shows the master
oscillator power ampli er (MOPA), with an OPO stage whose output is used for seeding
a 4-crystal OPA ampli cation stage. The lower panel shows light transportation and a
high numerical aperture imaging system used to project the at-top beam pro le onto
tin microdroplets in a vacuum chamber as part of a typical application in laser-produced,
EUV-emitting plasmas at ARCNL. The two stages are indicated by their respective
frames.

The MOPA con guration generates high pulse energies atn2wavelengths with
high beam quality following the design of Arisholm et al. [22]. An injection-seeded
Nd:YAG laser (Amplitude Agilite, referred to as pump laser), emitting pulses at a
wavelength of 1064 nm and repetition rate of 10 Hz, pumps the MOPA. This pump
laser has advanced temporal pulse shaping capabilities, here allowing the laser pulse
durations to be varied between 10 ns and 27 ns by means of a Pockels cell, such that the
pump laser peak power remains constant. Accordingly, the attainable pulse energies
scale with the set pulse duration ranging from 2.3J at 27ns to 0.9J at 10ns. The
pump laser beam is split using a polarizing beam splitter to provide a small fraction
(<80 mJ) for pumping the optical parametric oscillator, while most of the pump energy
is delivered to the optical parametric ampli cation stage.
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Figure 1.1: Schematic representation of the MOPA. The oscillator (OPO) and ampli er (OPA)
are pumped by a Nd:YAG laser (pump laser) operating at 1064 nm wavelengths. The wavelengths
generated are 2090 nm and 2167 nm. The at-top beam pro le of the MOPA output can be imaged
onto a target with a 75-times reduction in size/2( half-wave plate, BS: polarizing beam splitter,
TFP: thin- Im polarizer, BD: beam dump, CM1 and CM2: cavity mirrors, DM: Dichroic mirror

(re ection of 1064 nm, transmission of2n wavelengths), KTP: Potassium titanyl phosphate
(non-linear crystal for wave mixing), VT: vacuum tube).

Our OPO (a customized version of GWU versaScan-L 1064) has a 30-mm-length
linear cavity comprised of at dichroic resonator mirrors that are designed for single-
pass pumping, so they are highly transmissive for the 1064-nm pump. The optical cavity
resonates the signal wavelengths (i.e., wavelengths shorter than degeneracy at 2128 nm),
and a fraction of the signal pulse energy being transmitted through the output coupler
(CM2 in Fig.1.1). The OPO contains a single KTP (potassium titanyl phosphate)
crystal of 18.2 mm length and with an aperture o513 mn?. The crystal surfaces are
anti-re ection coated for the 1064-nm pump wavelength and any wavelength generated
in the range around{2n. A pump pulse energy of 76 mJ (at 27 ns) is used for pumping
the OPO. The beam diameter is reduced with a Galilean-type telescope to 2 mm in front
of the OPO resonator. This small beam diameter is chosen to improve the beam quality
of the generated pm laser light [22]. The crystal angle is tuned to an angle e60:8Y
to achieve type Il phase matching (oe-o0) for a signal around 2090 nm and corresponding
idler around 2167 nm wavelength. While the pump is linearly polarized vertically
(de ned as being perpendicular to the plane of Fig. 1.1), the signal has horizontal and
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the idler vertical polarization. The output pulse energy of the signal is 3 mJ with a
pulse duration of 21 ns. A dichroic mirror is used to separate the unconverted 1064-nm
pump transmitted through the cavity fromuds light that propagates further. The OPO
output characteristics are discussed in section 1.3.

After the OPO, the signal beam is further separated from the idler by means of a
polarizing Iter. A Galilean-type telescope is used to magnify the beam diameter of
the signal to approximately® mn? to seed the OPA at an intensity MW _cn?.

The OPA consists of four identical KTP crystals with a crystal length of 18.2 mm and
an aperture of 1613 mn? each. We use four crystals to obtain a pulse energy up
to 800 mJ of combined signal and idler. Similarly to the OPO, the crystal surfaces
have antire ective coatings for the pump wavelength and wavelengths in tine 2-
range. The crystal angle is tuned to=50:8’ for type Il phase matching (oe-0) to
amplify the 2090 nm wavelength seed light. Here, the seed at the signal wavelength has
horizontal polarization, and the pump is vertically polarized. For pumping the OPA,
most of the 2.2 J (at 27 ns) of pump laser output is used. The beam is transported via
relay imaging to ensure a at-top spatial beam pro le of the pump within the OPA.
Additionally, the pump beam is optically delayed #ysto account for the build-

up time of the OPO. To achieve su cient pump intensity within the OPA, its beam
diameter is reduced from 12 mm to 6.5 mm, resulting in an intensity of approximately
220 MW_cn?. The pump and seed beam are spatially overlapped using a dichroic
mirror and aligned for propagation through the four crystals. The crystals are oriented
for walk-o compensation (see Fig. 1.1). After the last crystal, the ampli egn2{ight

and the remaining pump light are again separated by a dichroic mirror.

The MOPA is designed to drive LPPs ap# wavelength. For this intended use, it
is necessary to image and demagnify the at-top beam pro le onto a target as shown in
the lower frame in Fig. 1.1. Flat-top imaged beams provide uniform heating of the LPP
across the plasma surface at su ciently high plasma temperatures, as was shown in the
case of 1gm wavelength-driven EUV emitting plasmas [16]. In this work, the output
of the MOPA is imaged using a two-stage imaging setup. After a free propagation of
about 4.9 m, the beam is imaged by a rst spherical lens with a focal length of 400 mm
(f400 mm). The intermediate image is reduced by about 11 times compared to the
initial output beam diameter of the MOPA. After the intermediate image, the diverging
beam is collimated with an 1000 mm lens. Subsequently, an 250 mm aspherical lens
is used for imaging the beam onto a tin target. The total beam size reduction factor is
up to 75 (chosen for a particular target size). Imaging the beam down to syl 00
diameters is possible due to a relatively low full beam divergenaieapproximately
2mrad in the horizontal and 3 mrad in the vertical direction. Taking into account the
waist diametet of the beam of approximately 5 mm, this leads to afidlue of
M)Z( u 4 along the horizontal axis andj\/l‘.l 6 along the vertical axis following the
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Figure 1.2: Combined signal and idler energies from the OPO as a function of the input pump
energy (for a box-shaped pump pulse of duratipr 27 ns). The corresponding e ciency for
conversion summed over both signal and idler is also indicated. Error bars are smaller than the
markers.

relatonM? = | .4 / based on the beam parameter product with a wavelength of

= 2090nm. The characterization of the MOPA in terms of input and output energies,
temporal beam pro les, and spatial pro les of the pump, signal, and idler beams are
discussed in section 1.4.

1.3 Optical Parametric Oscillator

In this section, we discuss the characterization of the optical parametric oscillator
including measurements on energy conversion, as well as recordings in the temporal
domain. A representative graph in Fig. 1.2 shows the combined signal and idler OPO
output energy as the input pump energy is varied. The conversion e ciency increases
with pump energy, where pumping is limited below 80 mJ to avoid optical damage to
cavity mirror coatings. Conversion to total output energies can reach e ciencies up
to 24~ (corresponding to a signal conversion e ciency b2~) and shows a plateau
indicating saturation at higher pumping energies. The pulse energy of the combined
signal and idler, obtained for the highest pump energy of 76 mJ, is 17 mJ with a root-
mean-square (RMS) stability of approximately 2% (for comparison, the pump RMS
stability is 1%). For decreased input pump energies, the lower conversion e ciencies
should in part be attributed to the long cavity build-up time of the signal (and idler).
Temporal pro les were recorded using fast photodiodes (EOT ET-5000, 12-GHz
bandwidth) and a fast oscilloscope (Agilent Technologies DSO9404A, 4-GHz band-
width), with a typical recording shown in Fig. 1.3. Dichroic mirrors and optical lters
separate the signal beam from the idler and pump beams. At a pump energy of 76 mJ,
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Figure 1.3: OPO oscilloscope traces for a 27 ns FWHM pump pulse duration at maximum OPO
pump pulse energy. The temporal pro les of the initial pump beam (blue) and the generated signal
beam (red) are shown for a pump energy of 76 mJ/pulse. The FWHM pulse duration of the signal
is 21 ns revealing a build-up time of about 5.5 ns. The inset gure shows a magni ed signal trace
in the 10 20 ns interval highlighting the beating due to competing longitudinal modes. A beating
period of 310 ps is measured, closely matching the cavity round time of 300 ps.

and pump pulse duration of, = 27 ns, the signal resembles a box-shaped pulse with a
full-width-at-half-maximum (FWHM) duration that is shorter, = 21 ns) than the
pump. The build-up time,,, is de ned as the delay between the onset of the signal
and the pump pulse.

Cavity build-up times for the OPO signal were measured for varying pump input
energies as shown in Fig. 1.4. For a pump pulse with duratjon 27 ns, signal
pulse durations ofg =5 21 ns were observed for the pump energy range covered. In
addition to decreasing the signal energies and longer build-up times, the signal temporal
pro les are found to increasingly deviate from a box-shaped pro le and tend towards a
Gaussian pro le at decreasing pump energies.

The cavity-build up time ,,, behavior in Fig. 1.4 can be approximated following
the relations from Refs. [22, 34], which can be expressed as:

cav9log |

: (1.1)
Ep_En*

bu =

where ,, is the resonator roundtrip timg, .4 is related to photodetector sensitivity,
contains information on the e ective re ectivity and other optical losses and is of order
unity, E, is the input pump energy arig;, is a pump threshold energy directly related
to the characteristic nonlinear threshold intensjty The cavity roundtrip time is
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Figure 1.4: Measured OPO build-up timeg,, of the signal output vs. pump energy input. The
number of cavity round trips is also indicated given a round trip tigye= 0:31ns. The red line
represents a t according to Eq. (1) for a value of the threshold pump efigfgy 29 mJ. The
alternate horizontal axis (top) indicates the normalized pump intehsity, according to the
intensity threshold,, derived from the tting procedure. Error bars are derived from shot-to-shot
analysis.

estimated to be approximate3@0ps based on the KTP crystal length and cavity mirror
separation. The tted curve, displayed in Fig. 1.4, describes the experimental trend to
su cient accuracy. The tyieldsg o4 = 22, which is close t@| g = In. 1 ge; | hoisd U
18thatis the value commonly used in numerical studies [34, 35]. The extract€d42

is within the expected range and contains information on the e ective re ectivity and
other optical losses. For tHg,, = 29 mJ obtained from the t, the corresponding
threshold intensity i$,, = 36 MW_cn?, which is close to the characteristic irradiance

of | {1ycalc = 38 MW_cn¥ that we calculated from the de nition given in Refs. [22, 36],
for the signal and idler wavelengths and KTP crystal length. In Fig. 1.4, an alternate
horizontal axis at the top is provided to indicate the normalized pump inteinsity,
according to the intensity threshdlg, derived from the tting procedure.

As expected, the OPO output is rather sensitive to the optical cavity alignment,
as a result of interference between multiple cavity modes that can simultaneously
be supported in an unstable resonator. The beating of these multiple modes can be
observed from the oscilloscope traces for the OPO output as seen in the inset of Fig. 1.3.
The measured beating period is 310 ps, which is close to the estimated cavity round trip
time of 300 ps. Such beating dynamics has been anticipated in numerical studies [34,
37] but has not been experimentally shown in the temporal domain, to the best of our
knowledge. The further slow oscillationsia® ns period visible in both pump and
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OPO traces originate from the Agilite pump laser system.

Various measurements were performed to characterize and optimize the OPO for the
highest output energies, optimal temporal pro les (considering build-up and temporal
widths), and narrowest spectral widths (for mode stability, as discussed below). At these
optimal conditions, the energy and beam pointing stability are also highest, providing
an ideal starting point in seeding the MOPA ampli cation stage.
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Figure 1.5: (a) MOPA output, plotted as pulse energies at the signal wavelength of 2090 nm,
as obtained by varying pump energies at three di erent pump pulse durations. (b) Conversion
e ciencies for di erent pump intensities, again for the three di erent pump pulse durations. The
conversion e ciency is de ned as signal energy divided by pump energy. Error bars are smaller
than the markers.

1.4 Optical Parametric Ampli er

1.4.1 Output Energy

Fig. 1.5(a) shows a graph of signal energies vs. varying OPA-pump pulse energies for
the three di erent set pulse durations of the pump laser: 14 ns, 19ns, and 27 ns. The
pulse durations are altered by changing the timing of a Pockels cell within the pump
laser to crop the box-shaped laser pulse to the desired duration. Hence, the duration is
changed without a ecting the peak intensity and the overall shape of the laser pulse.
To perform a scan of the pump pulse energy, & wave-plate in combination with a
thin- Im polarizer is used. The intensity of the seed is kept constant at approximately
2 MW_cn?, meaning that the seed energy is xed at 1.3 mJ in the 14 ns setting, at 2mJ
in the 19 ns setting, and at 3mJ in the 27 ns setting.

For pump energieg,,,, ranging from 0 to 1.7 J used in the 27 ns setting, up
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to 390 mJ of signal energy is achieved, thus yielding an ampli cation factor of 130.
Since idler and signal energies are similar, the total energy is estimated at 780 mJ.
The corresponding maximum pump intensity2®0 MW _cn¥, calculated vid =

Epump_ W 2/ with the pump laser pulse duration= 27 ns and the laser beam radius

w = FWHM/2 = 3:0mm. Maximum pump intensities for the 19 ns and 14 ns settings
are respectivel250 MW_cn? and300 MW_cnt, yielding signal (and, equivalently,
idler) energies of up to 300 mJ and 200 mJ, respectively. Maximum pump intensities
are limited by laser-induced damage thresholds of the antire ective coatings on the
KTP crystal surfaces.

Fig. 1.5(b) displays the conversion e ciency of pump energy to signal or idler
energy for the OPA for varying pump intensities for the three di erent set pulse dura-
tions 14 ns, 19 ns, and 27 ns. The trends for all pulse duration settings follow the same
pattern. The conversion e ciencies at 14 Sk, 4,¢) and at 19 nsGE, 4,5) settings
show a plateauing behavior starting at pump intensitiel86fMW_cn?¥. Here, the
term saturation refers to this leveling of conversion e ciency at high pump intensi-
ties. CE 4, Saturates at 17 % a@E, o, Saturates with 20 % at a somewhat higher
e ciency. CE,,¢ does not reveal such a distinct saturation behavior and it reaches a
total conversion e ciency of 22 % for the highest pump intensity. These di erences in
saturation behavior might be explained by the varying temporal pulse shapes across
the spatial pro le of the pump beam (see section 1.4.3). This saturation of conversion
e ciencies coincides with the transition of a non-linear increase of the signal/idler
energies to a linear incline in Fig. 1.5(a), which is in line with the ndings of Arisholm et
al. [22]. The RMS deviation of the output energies at the highest pump intensity is 2.8%
and increases to approximately 10% at the lowest pump intensities. This phenomenon
may be ascribed to the e ect of saturation.

It might be expected that higher output energies could be achieved by a further
increase of the pump energy. However, for increased pump energies, laser-induced
damage of the antire ective coatings on the KTP crystal surfaces is observed. Alter-
natively, more KTP crystals could be added to the OPA to enable operating at lower
pump intensities. Additionally, dichroic mirrors could be used in between the KTP
crystals of the OPA to re ect the idler beam out of the OPA. The latter would suppress
nonlinear backconversion, although no direct evidence of such backconversion is ob-
served. Filtering of the idler beam inside the OPA might be required, however, for
increasing the e ciency at pump energies beyond 2 J, and for future power gains of
high-energy pulsed KTP-based MOPA systems [22].
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Figure 1.6: Selection of beam pro les as imaged from a de ned plane inside the OPA stage for
the 27 ns pump pulse duration setting: (a) seed (signal) beam generated by the OPO with an
FWHM of 5:3 « 2:3mn?. (b) at-top pump beam pro le with an FWHM of 6 mm. (c)-(e) show

the ampli ed seed beam that is the output of the MOPA system, for di erent pump intensities.
The at-top beam pro le generated at the highest pump intensity in panel (e) has an FWHM of
4.5« 5.1 mn?, and 85% of its total energy is enclosed within the FWHM contour. The OPO is
for all cases pumped with a pump energy of 76 mJ at 27 ns pump-pulse duration.

1.4.2 Spatial pro les

Fig. 1.6 shows normalized spatial pro les of the seed beam, pump beam, and the signal
beam generated by the MOPA at di erent pump intensities. The pro les jan2-
wavelength are recorded using a pyroelectric camera (Ophir PyroCam 1V), located at a
xed position approximately 3 m after the OPA. Using a single spherical lens, with a
focal length of 600 mm, seed and MOPA beam pro les are imaged onto the chip of
the pyroelectric camera with a magni cation 26+ . The pump beam pro le is taken
using a silicon-based CCD camera (Ophir SP920) at a xed position approximately
2 m after the OPA stage. Here, a spherical lens with a focal length of 300 mm is used to
image the beam pro le on the camera chip with a demagni catio@:6¢ . All pro les

in Fig. 1.6 share the same scaling factor and spatial coordinate grid to facilitate direct
comparison.

Fig. 1.6(a) shows the pro le of the seed beam at 2090 nm, as itis transported from the
OPO to the second crystal within the OPA, 300 mm after the OPO and twofold expanded,
without relay imaging. The seed beam has an asymmetric shape, signi cantly di erent
from that of the pump beam pro le. This asymmetry may be caused by walk-o and by
the multiple modes supported by the OPO cavity. Fig. 1.6(b) shows the beam pro le
of the pump within the OPA for a set pulse duration of 27 ns. It resembles a at-top
beam distribution, with slight asymmetries characteristic to the pump-laser used. The
fringes originate from the aperturing in the commercial Agilite laser system. The lower
resolution of the pyroelectric camera is expected to signi cantly reduce the visibility
of fringes in the signal beams (see below). Fig. 1.6(c e€) shows the signal beam of the
MOPA for pump beam intensities @0 MW_cn?, 140 MW_cn?, and220 MW_cnf.
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The diameter of the MOPA beam pro le increases fromel Z.6 mn? to 4.5¢ 5.1 mn?

with increasing pump intensity. Atthe lowest pump intensity, the MOPA pro le deviates
mostly from a at-top beam pro le, following the seed beam pro le. For increasing
pump intensity, the MOPA beam pro le gradually approaches a at-top beam pro le
following the pump beam pro le. The percentage of the energy enclosed inside the
FWHM contour of the MOPA beam pro le increases from approximately 50% to 85%
at the highest pump intensity. Ring-like structures in the outer regime of the MOPA
beam pro les become apparent, following similar features of the pump beam pro le.
The spatial attening is explained by the fact that the local seed and pump intensities
vary across the spatial overlap of the beam pro les. Consequently, the local parametric
gain of the OPA depends on the position in the beam pro le. In the center of the beam,
the local gain is higher than at the edges, due to the peaking seed intensity at the beam
center. This non-uniformity in the local gain a ects the local conversion e ciency,
which is the e ciency of converting pump energy to signal energy contained within

a certain area of the beam pro le. Consequently, the local conversion e ciency rst
saturates at the center. This leads to a attening of the beam for increasing pump
intensities when the outer areas of the beam pro le catch up in local intensity and
approach saturation at higher overall pump intensities. The MOPA beam pro les do
not show de nitive signs of backconversion such as local depletion in MOPA intensity
caused by converting @m light back to 1pm light.

1.4.3 Temporal pro les

Figure 1.7 shows various characteristic temporal pulse pro les of the MOPA for a
setting of the pump pulse to a box-shaped pro le of 27 ns duration. The temporal pulse
pro les of the pump beam before and after depletion in the OPA stage, the seed beam,
and the ampli ed 2gm wavelength after the MOPA (referred to as MOPA pulse) are
displayed for three di erent pump intensities, beid®0 MW _cn?, 140 MW_cn? and
70 MW_cn¥. For an interpretation of the time axis, some synchronization technicalities
should be considered. The pump pulse is optically delayed by approximately 4 ns before
entering the OPA stage (see section 1.2) resulting in a delay of about 1 ns between the
onsets of the pump pulse and the seed and MOPA pulses. By delaying the pump pulse,
the seed pulse becomes centered with respect to the pump pulse inside the OPA stage.
This also causes the low-intensity parts of the seed pulse to experience maximum pump
intensity, leading to a longer e ective pulse duration (see Fig. 1.9).

The central result of these studies on temporal pro les is that a MOPA pulse can
be generated exhibiting a box-shaped pro le of 24 ns, as shown in panel (a). Such a
pattern can be achieved for a pump pulse of the highest intensg0avW_cn?, that
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Figure 1.7: (a)-(c) Temporal pulse pro les for a 27 ns pump pulse duration setting for pump
intensities as speci ed in panels. The pulses of the initial pump, the seed, the MOPA output,
and the depleted pump after ampli cation are presented. All but the depleted pump pro le are
normalized. The pulse pro le of the depleted pump is scaled so that the integral matches the
percentage of the remaining pump energy to visualize the e ect of pump depletion. The light
detected beyond 30 ns is assumed to originate from light leakage at the Pockels cells controlling
the duration of the pump pulse.

is also box-shaped. The box-shaped pro le of the MOPA pulse is overlaid with a high-
frequency oscillation, resulting from the longitudinal mode-beating pattern originating
from the OPO seed (see Fig. 1.3). We note that the intensity at the beginning and end of
the MOPA pulse inclines and declines more steeply than the intensity of the seed pulse.
This behavior can be explained by a strongly non-linear, parametric ampli cation at
lower seed intensities, whereas ampli cation is less strong at higher seed intensities
due to saturation. The MOPA pulse increasingly deviates from the box shape of the
pump pulse when moving to lower pump intensities, eventually becoming triangular in
shape at the lowest intensitiest MW_cn?. The measured pump pro le after the
OPA shows depletion of its energy in the form of a dip in the local pulse intensity at
times coinciding with the MOPA pulse.
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Figure 1.8: Temporal pro le of the pump pulse resolved across the spatial beam pro le. The blue
solid line shows the temporal trace of the scattered light, i.e. representative of the full beam. The
dashed/dotted lines show traces recorded with gu#®finhole mounted in front of a photodiode

to obtain spatially resolved traces at left, center, and right locations as indicated in the inset gure.

In order to explain the temporal deformation of the MOPA pulse at lower pump
intensities, the intensity of the incoming pump pulse is spatially probed using a photodi-
ode equipped with a 2Q@m pinhole in front. Results of this local probing are presented
in Fig. 1.8, showing that the temporal shape of the pump pulse is triangular at the center
and left-hand side of the beam. In contrast, on the right-hand side, it shows a slow
increase followed by a plateau region. This behavior may be explained by considering
that for the lowest pump intensities, the center of the seed spatial beam pro le, where
the intensity is highest, undergoes the strongest parametric ampli cation [cf. Fig. 1.6(a)
and (c)]. So, only the part of the pump beam pro le spatially overlapping with the
center of the seed beam pro le contributes signi cantly to the parametric ampli cation
at lower pump intensities. As a result, the temporal MOPA pulse pro le follows the
pump pulse pro le at the position of the peak of the seed beam pro le; the shape is more
triangular-like [cf. Fig. 1.8 and Fig. 1.7 (c)]. When the overall pump intensity increases,
gradually more parts of the pump beam pro le, overlapping with low-intensity areas of
the seed beam pro le, contribute to the parametric ampli cation, while the part with
the highest seed intensity starts saturating in local conversion e ciency (as discussed
in section 1.4.2). When summing up these spatially dependent temporal pulse pro les,
the overall MOPA pulse will resemble the overall temporal shape of the pump pulse,
forming a superposition of local, di erent, pulse shapes. Currently it is unclear if
spatio-temporal coupling (STC) of the pump is translated onto any signal STC, nor is
there a model available to predict the impact of STC on the generation of EUV-emitting
plasma. Further study is required to clarify these new topics, enabled by the laser sys-
tem presented in this work. Fig. 1.9 shows temporal traces of the incoming pump pulse,
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Figure 1.9: Measured temporal pro les of the initial pump beam, the OPO-seed beam, and
the MOPA signal beam, and the depleted pump are shown for settings of the pump pulse for
combinations of duration and intensity as speci ed in the legends.

the seed, the MOPA, and of the depleted pump, measured for di erent combinations
of durations and intensities of the pump pulse: 27 ns22@MW _cn?, 19 ns and
250 MW_cn?, and 14 ns an@60 MW _cn?, respectively. The resulting durations of
the MOPA pulses under these conditions are 24, 17, and 12 ns, respectively. At the
high pump intensities, all exceedi®20 MW _cn?, the temporal box-shaped pulses of
the pump could be converted into box-shaped MOPA pulses. Interestingly, the di er-
ence between the durations of the pump pulses and the corresponding MOPA pulses
is only 2 3 ns, whereas the di erence between OPO-seed and pump pulse duration,
i.e. the build-up time, is 5.5 ns (see Fig. 1.3). This phenomenon is attributed to the
ampli cation of low-intensity parts on the side anks of the seed pulse.

In conclusion, it is demonstrated that box-shaped temporal pro les of the MOPA
pulses can be produced in a controlled fashion for varying pulse durations between 12
and 24 ns.
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Figure 1.10: (a) Spectral analysis of the OPO idler output wave for three di erent cavity alignment
conditions. (b) Spectrum of the signal beam of the OPO alignment 3 in (a) after ampli cation in
the MOPA stage.

1.5 Spectrum and bandwidth

In this section, we discuss spectral measurements for the OPO output as well as the
ampli ed MOPA output (for , = 27 ns) recorded using a High-Finesse WS5 IR-IlI
wavelength meter. Fig. 1.10(a) shows OPO idler output spectra for di erent cavity
alignment settings. The OPO idler wave, which has an orthogonal polarization to that
of the signal wave, is separated by re ection from a thin Im polarizer and is used for
online monitoring, while the OPO signal wave output is transported towards the MOPA
to seed the ampli er. At OPO cavity alignment-1, far from the output energy optimum,
multiple spectral modes can be observed, which we attribute to multiple cavity modes
simultaneously supported by the unstable resonator.

The spectral FWHM width of each mode is 2.6 nm while the crystal acceptance
bandwidth for OPO operation is estimated to be 4.7 nm from the nonlinear optics
code SNLO [38]. (The instrument limit of the spectrometer is not exactly known
at this wavelength, thus our measurement provides an upper limit.) The narrower
linewidth for the observed individual modes may be due to gain narrowing e ects, where
nanosecond OPO linewidths can be as narro@0asof the crystal phase matching
bandwidth [36]. The mode separation of 3nm can be used to estimate the angular
deviation of0:8 mrad for neighboring cavity mode paths, which is easily supported
considering the pump beam size and cavity length. As the cavity alignment is optimized
towards higher output energy, the spectral pro le becomes more uniform with fewer
spectral modes (alignments-2 and -3), suggesting that the optimal alignment condition
favors higher gains for a smaller number of modes. For optimum alignment conditions
(OPO alignment-3), the highest OPO output energy and narrowest composite spectral
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width are obtained, which also correlate with the highest energy- and spatial-beam
pro le stability.

In Fig. 1.10(b), the ampli ed signal wave spectra corresponding to OPO alignment-
3in Fig. 1.10(a) is shown. The OPA spectrum is taken when the ampli er is pumped
with 1.7 J for a pump pulse duration gf = 27 ns, corresponding to an intensity of
220 MW_cn?. The FWHM width of the OPO alignment-3 spectrum in Fig. 1.10(a)
is 5.0 nm, while the MOPA output FWHM width is marginally broader at 5.5 nm.
The latter can be compared to the crystal phase-matching bandwidth for signal wave
ampli cation in a single pass of 6.5 nm estimated using the SNLO code [38]. The
SNLO code gives an OPO bandwidth that is narrower than the single-pass mixing
bandwidth, with the same input parameters. It assumes that the signal and idler tune in
egual amounts with respect to the xed pump, hence it is the group velocity dispersion
between signal and idler that is relevant. For ampli cation in the OPA, itis the dispersion
of the group velocity between the seed (signal) and the pump that limits the phase
matching. Note that for these spectral recordings, the OPO seed energy is about 1 mJ
while the MOPA ampli ed output energy is around 400 mJ. The OPO and OPA spectral
pro les demonstrate that even at high energy operation, the ampli cation process closely
maintains the uniform and symmetric spectral characteristic of the seed radiation.

1.6 Conclusion

We built a parametric master oscillator power ampli er (MOPA) with an optical para-
metric oscillator (OPO) generatingi2n wavelength light that is ampli ed by an optical
parametric ampli er (OPA). This con guration allows for the generation of high-energy
nanosecond pulses with a relatively good beam quality ftVe. The MOPA is
pumped by a seeded 1064-nm Nd:YAG laser that has temporal pulse shaping capa-
bilities. The MOPA can generate box-shaped temporal pulses with a tunable pulse
duration from 10 24 ns. We demonstrate a total pulse energy of 800 mJ, signal and
idler combined, from 2 J of pump energy input when using four KTP-crystals in the
ampli er.

The total conversion e ciency of J4m to 24um wavelength light, combining signal
and idler, saturates close to 44%. Close to the saturation level, the spatial beam pro le
of the MOPA follows the at-top shape of the pump beam. We nd a similar behavior
in the temporal domain, where the output pulse approaches a box-shaped temporal
pro le comparable to the input pump pulse for increasing pump intensities. The at-top
spatial and box-shaped temporal pro les are realized due to saturation e ects of the
conversion e ciency in the OPA stage.

Even at the highest output energies, the beam divergence is su cient for imaging
the beam to a highly intense at-top pro le below 10t diameter. Certain EUV
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plasma studies require highly energetic pulsed laser radiation to irradiate a spin100
micro-droplet tin target with high intensities. Those high pulse energies are not only
restricted to 24m wavelength since the output wavelength of a MOPA can in principle
be tuned in a range from 1.48n by changing the phase-matching angle of the KTP
crystals. Hence, our MOPA is an ideal laser source for EUV plasma studies and
applications that require high pulse energies at good beam qualities in the mid-infrared
range.
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EXTREME ULTRAVIOLET LIGHT FROM A TIN PLASMA
DRIVEN BY A 2-UM-WAVELENGTH LASER
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An experimental study of laser-produced plasmas is performed by irradiating a planar tin
target by laser pulses, of 4.8 ns duration, produced from a KTP-based gm-wavelength
master oscillator power ampli er. Comparative spectroscopic investigations are per-
formed for plasmas driven by 1um- and 2qum-wavelength pulsed lasers, over a wide
range of laser intensities spanning 0.5« 10 W/cm?2. Similar extreme ultraviolet (EUV)
spectrain the 5.5 25.5 nm wavelength range and underlying plasma ionicities are obtained
when the intensity ratio is kept xed at I, ,,_l, = 2:4.7/. Crucially, the conversion
e ciency (CE) of 2- um-laser energy into radiation within a 2% bandwidth centered at 13.5
nm relevant for industrial applications is found to be a factor of two larger, at a 60 degree
observation angle, than in the case of the denserm-laser-driven plasma. Our ndings
regarding the scaling of the optimum laser intensity for e cient EUV generation and
CE with drive laser wavelength are extended to other laser wavelengths using available
literature data.
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2.1 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) [39 43]. Multiply charged tin plasma ions are the atomic sources of
EUV radiation near 13.5 nm wavelength [43 50]. Currently, £@as lasers operating
at = 10:6 ym wavelength are used to drive the EUV-emitting plasma at a high con-
version e ciency (CE) of laser energy into “in-band' radiation, i.e. in a 2% wavelength
bandwidth centered at 13.5 nm emitted into the half-sphere back towards the laser that
is relevant for state-of-the-art EUV lithography. Solid-state lasers, operating at near-
or mid-infrared wavelengths, may however become a viable alternative in the future.
Such laser systems would potentially provide a smaller footprint, a signi cantly higher
e ciency in converting electrical power to laser light, and may be scaled to much
higher pulse energies 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 (1064 nm) is associated with large optical depths of EUV emitting plas-
mas[39]. Large optical depths may strongly limit the e ciency of such Nd:YAG-driven
sources as opacity e ects broaden the EUV spectrum well beyond the 2% wavelength
acceptance bandwidth, thus reducing the spectral purity (SP) of the EUV plasma source
[16,51 57]. SP is de ned here as the ratio of in-band EUV energy to the total energy
emitted in the 5.5 25.5 nm range. Simulation e orts indicate that a global optimum of
the e ciency of converting drive laser light into useful EUV radiation lies in between
the well-known 1- and 1@m cases[58]. In this range, thulium lasers, operating at 1.9-
pm wavelength, appear promising[6]. The simulation e orts have produced predictions
of CEs ranging from 1.2 times the CE ofutn-driven plasmas up to the much higher
CEs achieved by 10m-driven plasmas (see below), depending on precise plasma
conditions, when using such thulium lasers[58, 59]. However, no experimental studies
of plasmas driven by lasers in the 1- and|ifirange, under conditions relevant for
EUV emission, are yet available.

The current search for an optimum laser wavelength between 1 guomd 0 driving
EUV emitting plasma can be put in a broader context. Nishihara et al. [60] produced
an overview of the key physics issues for optimizing EUV sources also with respect to
drive laser wavelength. They furthermore provided simulation results using a power
balance model for optimal drive laser intensities with predictions for obtainable CE,
shown in Fig. 2.1, for an ideal case of plasma of single optimal density and temperature.
In Fig. 2.1, the obtainable CE is shown to rise with drive laser wavelengthifrb¥h
for the shortest wavelength, i®% for the longest one. The optimum laser intensity
decreases with increasing laser wavelength. Several other groups performed simulations
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to establish optimal conditions for EUV production from plasma. For example, White
et al. [57] computationally studied the impact of laser wavelength and power density in
a comparison of Nd:YAG (at its fundamental wavelength and its third harmonic) and
CO, lasers. Their results strongly favor the latter drive laser for reaching the highest
CE values. Achieving optimum plasma conditions for e cient in-band EUV emission
at su cient brightness under non-idealized conditions involves trade-o s, maintaining
su ciently high optical depth for in-band transitions and limiting optical depth for
weaker out-of-band transitions [61, 62].

The conclusions from Nihishara et al. [60] are by and large supported by experiment.
In the following, we present a brief literature review of experimentally obtained CE
values and optimum laser intensities. The values reported are for planar solid pure-tin
targets unless speci ed otherwise. The ndings are summarized in Fig. 2.1. Starting at
the shortest drive laser wavelength, Shevelko et al. [63] recorded a peak CE into a 1%
bandwidth at 13.5 nm of 0.31% with a KrF laser pulse at 248 nm wavelength at a power
density ofl « 102 W/cn?. Kau man et al. [64] achieved a CE ¢f1% (as reported
by Hayden et al. [56]) using frequency-doubled Nd:YAG pulses at 532nm. They
observed that the CE was highly sensitive to the incident laser pulse intensity, to peak at
2+1011W/cn?. Hayden et al. [56] demonstrated 2.2% CE using a pulsed Nd:YAG laser
operating at its fundamental 1064 nm wavelength and an intensity &0 ** W/cn?.

Their ndings are in line with those of Harilal et al. [65] who found a 2% CE value at

4 « 10 W/cn?® using the same drive wavelength. Tao et al. [66] studied the in uence
of focal spot size on in-band emission from Nd:YAG laser-produced Sn plasmas nding
almost constant in-band conversion e ciency (at 2% value, consistent with Coons
etal. [67]) of focal spot sizes of 60 to 5pf thereby contrasting the ndings of Spitzer

et al. [68] (also see Sec. 2.3 below). In this work we nd (see Sec. 2.3) optimal SP and
CE values at a Nd:YAG laser intensity 8% 101 W/cm?. Other studies (see Campos

et al. [69] and references therein) showed that the optimum laser pulse parameters for
obtaining the highest CE for CQand Nd:YAG laser pulses afee 10° W/cn? and

6+ 1010W/cn¥, respectively. A much largér5% CE value was reported by George et
al. [70] at an intensity close tbe 101 W/cn?. For droplet pure-tin targets, CEs can

be found with values ranging from 1.4% as reported by Giovannini et al. [113%
reported in Schupp et al. [16] both at a Nd:YAG laser intensit@ ofL0 11 W/cn?

but using di erent plasma recipes. A similar 3% CE was obtained by Shimada et al.
[72] from spherical solid tin targets that were illuminated uniformly with twelve beams
from the 1.05um-wavelength Gekko XII laser system.

Moving towards longer wavelengths, Tanaka et al. [55] estimated the maximum
conversion e ciency for both CQ and Nd:YAG laser driven plasma to be 2% alike.
Their work indicated an optimum drive laser intensityl1@°W/cn? for the CQ,
driver and several0'°W/cn? for the Nd:YAG driver. Using a C@driver, Harilal et
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al. [73] found CEs approaching 4% when optimizing the focal spot size at a constant
6+ 10° W/cn? intensity (also see their more recent work [53]). Ueno et al. [74] found
a similar value of 4% using a cavity target. More recently, a maximum CE of 5.8%
was found by Amano et al. [75] using a G@ser intensity o6 « 101°W/cn? and a
relatively short 5 ns pulse duration. Using a C@iver and droplet pure-tin targets,
CE values of 5% were reported by the company Gigaphoton by Mizoguchi et al. [76]
andi 6% by ASML company as presented by Fomenkov et al. [77]. These high CE
values were obtained using multiple laser pulses that shape the liquid droplet target
for optimal interaction with the COmain pulse beam. Conclusions could also be
drawn from obtained relative CE values where no absolute information is available.
For example, Yamaura et al. [78] characterized EUV emission for 266 and 1064 nm
drive laser wavelengths nding that the EUV emission exhibits a laser-wavelength
dependence in terms of angular distribution. Pronounced absorption dips appear in the
EUV emission spectra in the case of the short-wavelength driver, indicating a reduced
spectral purity which may lead to a lower obtainable CE. Freeman et al. [52] (also see
the related work of Campos et al. [69]) showed highest in-band emission and spectral
purity from the longest wavelength drive laser when comparing 1064, 532, and 266 nm
wavelength experiments.

In this work we present a study of the EUV emission spectrum giiam2~avelength-
LPP generated from a planar tin target, entering the territory of wavelengths in between
1 and 1Qum. We nd highest SP and CE dts 10 W/cn?. In a complementary
study [32] our team nds that a similar intensity 8fe 101°W/cn? optimizes SP
for pure-tin droplet targets usingun wavelength drive laser light. Those droplet-
target experiments however produced insigni cant CE due to the poor geometrical
overlap of laser pulse and target. This drawback is absent in the current work where
complete laser-target overlap is guaranteed and relevant CE values can be obtained.
Our current studies are not intended to maximize CE but rather to provide a meaningful
comparison of 1- to 24m drive laser cases. Thei®n laser light in this work is obtained
from a master oscillator power ampli er (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 developing and building one. The obtained EUV spectra and
CEs are compared to those obtained from Nd:YAG-LPP under otherwise very similar
conditions.
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Figure 2.1: (a) Conversion e ciency (CE) and (b) optimum laser intensify,) values as a
function of drive laser wavelength, as obtained from previous experiments on planar solid (full
gray squares) and droplet (open gray circles) tin targets (data from Refs.[16, 32, 52, 53, 55, 56,
63 67,69, 70, 72 78], see main text). Overlapping data points are shifted vertically for visibility.
Simulation results [60] for plasma under optimal conditions are shown (open black triangles)
connected by straight lines. The vertical lines, from right to left, indicate the wavelength of the
CO, laser and that of the Nd:YAG laser and its second and fourth harmonics. The results of the
current work are shown as open red squares. See main text for further details.

2.2 Experimental setup

In this work we present an experimental study of an LPP generated by illuminating a
planar solid tin target of 99.995% purity with pulsed lasers having wavelengthasof 1

and 2um. The target is mounted on a two-axis translation stage inside a vacuum cham-
ber pumped td « 10" mbar. The target is moved after two laser shots per position

to prevent crater formation in uencing the EUV emission. Spectral emission in the

5 25 nm range is recorded by means of a transmission grating spectrometer positioned
at 60 degrees with respect to the incoming laser (see Fig. 2.2). The spectrometer is
operated with a slit width o25um and a10 000 lines_mngrating. The dispersed

light is collected on a back-illuminated charge-coupled device. The dispersive axis is
calibrated using reference spectra comprising well-knowii Ahd AF* line features
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Figure 2.2: (a) Schematic representation of the experimental setup. A master oscillator power
ampli er (MOPA) setup, comprising an optical parametric oscillator (OPO) and an optical para-
metric ampli er (OPA), is pumped by a Nd:YAG laser. Thqu# idler beam from the MOPA is
focused onto a planar 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 pro les with
Gaussian spot sizes 66 « 66 pum FWHM for the 1pm drive laser and@?2 « 128 pm FWHM for

the 24m drive laser. (c) Temporal pro les of the 1- anduga drive lasers.

between 11 and 16 nm wavelength [79]. The spectra are corrected for second-order
contributions above 11 nm wavelength by utilizing the tabulated second-order di rac-
tion e ciency[80]. More details on the spectrometer and post-processing of the images
are provided in Refs. [80] and [16]. To obtain the absolute amount of EUV radiation
emitted in a 2% bandwidth around 13.5 nm, a calibrated EUV photodiode assembly[16]
is used. It is installed at an angle 0 Y, mirroring the alignment of the spectrometer

cf. Fig.2.2a. This photodiode assembly consists of a Mo/Si multilayer mirror that
re ects the in-band radiation onto a photodiode. The photodiode is coated with a Si/Zr
coating in order to block infrared light.

The 24m light source comprises a KTP-based MOPA operated in type-2 phase
matching following the approach of Arisholm et al.[22]. The MOPA setup is pumped
at a 10 Hz repetition rate by a seeded Q-switched Nd:YAG laser (QuantaRay 250-10
PRO) providing pulses of 10 ns duration (at full width at half maximum, FWHM).
First, a 2170 nm idler seed beam of 1.8 mJ energy is created in a singly-resonant optical
parametric oscillator (OPO). To create this seed beam, 18 mJ pump light is demagni ed
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to a beam diameter of 1.5 mm 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 2170 nm 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 11 mm 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 highest e ciency 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 10 mm 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-o. A
total energy of 260 mJ 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 a half-wave plate and
a polarizer is installed before the focusing optics. The size of the focal spot on the
target is72 128 um (FWHM). The asymmetry in the focal spot size is caused by the
slightly higher beam quality on the horizontataxis of the beam (cf. Fig. 2.2b). The
pulse duration is 4.8 ns (FWHM); uncertainties in determining the pulse duration are
at or below 0.5ns. The pulse has a short rise timie bhs; its fall time is signi cantly
longer and is seen to follow the pulse shape of the seed beam.

A seeded, in-house built Nd:YAG laser is used as thenllaser light source to
drive plasma [81]. The laser employs two electro-optical modulators to create temporal
pro les of the desired shape. Here the temporal pro le was shaped to match that of
the idler of the MOPA (cf. Fig. 2.2c). A lens is used to focus the laser beam onto the
tin target to a symmetric spot size @6 um (FWHM) closely matching the horizontal
beam spot size of the idler beam in the measurement plane (cf. Fig. 2.2b).

2.3 Results

In the following, we assess the potential of ar®-wavelength tin-plasma driver

by studying the spectral characteristics with emphasis on EUV in-band radiation.
Fig. 2.3a shows EUV spectra obtained when the beam intensityis varied in a

0.2 1:9+10W _cn? range. The intenusity d-umdriverl , ., is given by the peak
intensity in time and space by ,,=.2 2In2_2 /3E, m_abt,. Here,E, ,is the

laser energya andb are the Gaussian FWHM sizes along the major and minor axis of
the elliptical beam, ant}, is the FWHM pulse duration. Spectral features belonging
to SrP* to Sn®* are observed in the studied spectral range [44, 46, 49, 82 84]. At
the lower laser intensities, spectral features belonging ¥ 8nSr* are visible. At
higher laser intensities, spectral features related to the higher charge st&fetoSn
Snt5* are prominent. Spectral emission from these charge states also becomes visible
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Figure 2.3: Spectra from plasma produced from a planar solid tin target irradiated with laser
pulses at various intensities of the (aj2+driver (4.8 ns pulse duration, Gaussian spot size of
72+ 128 um). The emission features attributed to the various Sn ions are labeled by the respective
charge state. (b) Spectra from tin plasma driven bypumibeam (4.4 ns pulse duration, Gaussian
spot size 066 « 66 um). The gray vertical band indicates a 2% bandwidth centered at 13.5 nm.
(c) Ratio of intensities oi- and 2pm drive laser beams needed to obtain spectra with matching
short-wavelength features. The red line indicates the average ratio.
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in the short-wavelength region of the spectra below 12 nm. 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
identi ed[83].

For comparison, in Fig. 2.3b a set of spectra is presented that was obtained using
the 1um-wavelength driver. Emission spectra are obtained for beam interisitigs
ranging 0.44:4 « 101*W_cn?. |, ., is de ned analogously td, . The beam in-
tensities are selected such that similar short-wavelength features are obtained as in
the respective 2tm cases. The laser intensity at which any particular charge state
distribution is obtained, is lower for the|@n case by about a factor two. The evolution
of spectral features with laser intensity appears to be similar, comgaidng.3a and b

To study this di erence in more detail, pairs of intensitigs,, andl , ,, were
chosen such that the short-wavelength spectral features, ranging from 6 to 10 nm, in the
respective emission spectra are best matching. In Fig. 2.3c, the ratio of thus selected
pairsl; I, ,is plotted versu$; ,,. On average the fim driver requires a constant
factor 2.4(7) higher intensity to reach the same e ective charge state distribution of the
plasma when compared to theugi case. The number in brackets in the ratio 2.4(7)
indicates the overall uncertainty which is dominated by systematic uncertainty. This
ratio is very similar to the one found, at a value of 2.1(6), for droplet-target experiments
using the same drive laser [32].

From the simulation work of Nishihara et al. [60] presented also in Sec. 2.1 itis
clear that the relation between the optimum laser intensity and the laser wavelength
can be approximated from the produict'? (rather tharl  2) because the ion density
n; where the in-band emission mostly occurs is much lower than the critical density
n. x "2 for the relatively short-wavelength lasers. Studies on quasi-stationary ablation
fronts [85] relevant for our current investigations support the ndings of Nishihara et al.
related to the scaling relations by pointing out that signi cant laser absorption occurs
in the underdense coronal region, before the critical density surface. The theoretical
scaling relations are fully in line with our current ndings and with previous experi-
ments as presented in our review in Sec. 2.1 and shed light on the physics origins of
the plasma-emission of EUV light. Further radiation-hydrodynamic simulations (as
presented in Ref.[32] and [86] for the droplet-target case) are however required for
the current planar target case to investigate the details of the evolution of the relevant
plasma conditions and their dependence on drive laser wavelength.

In Fig. 2.4a, CE is plotted versus drive laser intensity for therland 2pm cases.
The measured in-band radiation is extrapolated from the measurentittatthe
2 steradian half-sphere facing the laser origin, assuming isotropic emission over this
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half-sphere. The open markers indicate data obtained from the spectra taken with the
spectrometer under the same angl&@f. Here, the measured spectral intensities
integrated over the in-band range are calibrated by comparison to the in-band energies
measured by the EUV photodiode. These in-band energies are measured simultaneously
with the spectra. From literature, it is evident that the EUV emission from LPPs from
planar solid targets is slightly anisotropic[87]. Several studies have indicated that the
angular dependence of EUV emission is nearly independent on the focal spot size and
the pulse duration[87 89]. Hence, remaining di erences in laser beam characteristics,
which were carefully matched in our experiments, are not expected to have a signi cant
impact on our observations. Changing the drive wavelength for a tin-LPP on a planar
solid target from 266 nm to im was found to lead to a reduced angular dependence
of the in-band emission [78]. For droplet targets, aub®-driven LPP was shown to
exhibit only a slightly reduced anisotropy of the in-band emission in comparison to the
1-um-driven LPP [90] and thus the relatively small step tpr24aser radiation is not
expected to change the current EUV emission anisotropy signi cantly. We furthermore
note that the observation under the current, relatively large and@i€’afonstitutes

a representative measure of the overall CE[16, 87 89]. Conclusions regarding nal
obtainable CE can be drawn only if also further laser parameters are varied and opti-
mized. The laser focus size in particular is a sensitive parameter in the optimization.
Spitzer et al. [68] presented a comprehensive database for source optimization by
systematically varying parameters such as wavelength, pulse length, intensity, and spot
size. The latter parameter was shown to have a signi cant in uence on the obtainable
conversion e ciency, a feature that was attributed to a changing dimensionality of the
plasma expansion. Lateral heat conduction losses and multidimensional expansion
losses reduce CE in the case of a small spot size [60]. Tao et al. [66] studied the
in uence of the focal spot size on in-band emission from Nd:YAG laser-produced Sn
plasmas nding almost constant in-band conversion e ciencyi(@f6 value) with

focal spot sizes ranging 60 to 50t contrasting the ndings of Spitzer et al. [68].
Harilal et al. [65] and Koay et al. [91] also demonstrated high CE using Sn targets
with small focal spot sizes of 60 and &, respectively, albeit for tin-doped spherical
targets in the latter case. The ndings are further corroborated by Yuseph et al. [92]
who found that a shorter length scale plasma reabsorbs less EUV light, resulting in a
higher conversion e ciency for the smaller focal spot when comparing 26 andurb50

spot size cases. In the current experiments the spot sizes and the temporal pulse shapes
of the two drive wavelength cases (cf. Fig. 2.2) have been carefully tuned to be as close
as possible, such that a relative comparison is apt.

The CE of the 24m-LPP rises with beam intensity, up to a maximum value of
3.1% at a laser intensity df0 « 101*W_cn?. When further increasing the laser
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Figure 2.4: Comparison of tin plasma emission characteristics fdt-thed 2pm drivers: (a)
Dependency of conversion e ciency (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.2.2), as well as CE obtained from the absolute in-band measurements of the spectra, all
assuming isotropic emission. (b) Spectral purity (SP) versus the intensity of the corresponding
drive laser. (c) Juxtaposition of emission spectra. The intensity counts of the spectrometer are
divided by the drive laser energy.
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intensity CE decreases. For theui case, a similar rise of CE with increasing beam
intensity is observed, with a maximum CE reaching 1.7%, i.e. only about half of that
of the 24um case. The maximum CE for theun-LPP is reached at a laser intensity
of 3.0« 10*W_cn?. 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 di erence in maximum CE amounts to a factor 1.8. ThentkPP requires
signi cantly higher intensities to reach optimum CE. This is in line with the ndings
presented in Fig. 2.3c.

Fig. 2.4b shows the spectral purity of both thgrh-and the 22m-LPPs as a func-
tion 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 de ned as the ratio of in-band
EUV energy to the total energy emitted in the 5.5 25.5 nm range. The maximum SP
of the 2um-LPP is at 7.4% a factor 1.8 larger than the value of theniLPP with a
maximum of 4.2%. This maximum SP is reached at a laser intenslty ® 1 W/cn?,
very close to the value @8 1012 W/cn? found for droplet-target experiments using
the same drive laser [32]. The ratio of the maximum SPs is identical to the ratio of
the maximum CEs. This indicates that the di erence in conversion e ciency can be
attributed to the decreased SP of themi-LPP. Figure 2.4c¢ shows two pairs of matching
emission spectra, i.e. plasmas having similar ionicities. Thma-PP spectra with
the highest and lowest obtained CEs are shown. 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 signi cant amount of spectral emission between 13 and 15 nm is missing injtre 1-
case compared to the®n-LPP. This lack of emission in the unresolved transition
array at 13.5 nm explains the reduced CE of thent-LPP.

To qualitatively explain the signi cant di erences observed between the two drive
laser cases, it is instructive to employ an intuitive two-zone radiation transport model.
In this simple 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 where a laser beam with a
Gaussian spatial intensity pro le inhomogeneously heats the plasma. Further inhomo-
geneities are present along the laser beam propagatiais (see e.g. Ref.[85]). Our
one-dimensional model captures only a rough average of the various sources of inhomo-
geneity. The second zone will contribute to the overall emission but will also partially
absorb the light emitted from the rst zone[93, 94]. Following Ref. [51], the spectral ra-
dianceL of a homogeneous, one-dimensional plasmais given by B .1* € /.

HereB is the Planck function, assuming local thermodynamic equilibrium (LTE)
conditions. The subscriptindicates the wavelength dependency.of In the expo-
nent, is the wavelength-speci c optical depth [43, 51]. The Planck funcBoronly
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depends on the wavelength and temperature and is independent of the ion jensity
[95]. The expected density and temperature values support our LTE approach (see,
e.g., Ref. [43]) and small deviations from it do not meaningfully impact our qualitative
analysis in the following. We now expand the model by adding a second layer of plasma.
The rst plasma layer emits the spectral radiaice over an optical depth. ;. This

light subsequently traverses a second plasma layer with an optical depthihe total
spectral radianck ., exiting the second layer of plasma is given by

L.,=B.;.1%*e 1/e 2+B.,.1*€ :2/; (2.1)

whereB . ; andB ., are the respective blackbody functions of the two plasma layers.
Next, we take two spectra obtained from plasma driven pyn2laser light. These two
spectra serve as base spectra for the model's two plasma layers[51]. Both spectra are,
for simplicity, assumed to be generated from a single density-temperature plasma layer
with signi cantly high optical depthl{ U B at peak emission wavelength) of value
i g (i =1;2for zones 1,2) with a constant multiplication facgraccounting for

di erences in density or length scales following the approach of Schupp et al.[51]. The
optical depth of the plasma is expected to be reduced by a factor of up to 2 when going
from 1- to 2um driver [32]. Given the large optical depth in theuir case, as shown
e.g. in Ref.[51], a su ciently large optical depth is still to be expected in the current
2-um case to remain within the limit of large optical depth at peak opacity (which is
su cient for our model).

In the following, the base spectrum of the rst zone is associated with the maximum
CE (cf. Fig. 2.4c). The base spectrum for the second zone is chosen from a modestly
lower laser intensity, corresponding to a modestly lower plasma temperature conform
our model. Following Ref. [43] the e ective temperature of the rst zone is set to
32 eV associated with optimum plasma conditions for producing in-band EUV light
at the here expected plasma densities[43]. The plasma temperature of the second
zone is subsequently found by matching the relative intensity values of the two base
spectra at 13.5 nm wavelength (asl B at peak emission wavelength given the large
optical depths involved[43, 51] also for theu-driven base spectra). This results in a
temperature of 29 eV for the second zone. The model t funclion is then given by

L 2= ao-B;l-T =32eV/.1* & ;1/g % 2
+B.,. T =29%V/.1* e ® 2/[: (2.2)

The multiplication factors, are used as free t parameters, including an additional
overall amplitude factoa,. This amplitude factog, is required because the measured
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1-um-driven spectrum cannot be normalized by the Planck function at peak emission
wavelength, as in the case of theu@+driven base spectra, since the observed self-
absorption from a multi(; T) plasma voids the relation u B at peak emission
wavelength. The, t value itself has no further physical meaning within the current
context.

Fig. 2.5 shows the result of a least-squares t of the model functiorfZ=g) to the
measured Jm-driven spectrum at 25 « 1011 W_cn? laser intensity that reproduces
the ionicity of the 2pum-driven base spectrum (see Fig. 2.4¢). The model is seen to
excellently reproduce the data. The t parameters obtaineadgarel:3 anda, = 0:7,
close to unity value such that the original base spectra are already representative of
the emission of the two zones. A more guantitative interpretation of these t values
is not currently warranted given the qualitative nature of the model application. A
comprehensive explanation of the generic e ects of a two-zone plasma is provided in
Ref.[93] albeit for hotter and denser plasma. EUV radiation, produced in the hottest
part of the plasma, passes through regions of underheated plasma generated by the
lower-intensity parts of the Gaussian laser intensity pro le and the underheated plasma
naturally present along the laser propagation, and rarefactiyax{s. The EUV
emission in the case of theln-drive laser occurs at a higher plasma density than
that of the 2pm-driver and also its underheated plasma zone will have higher ion
density. Hence, the im-LPP exhibits a higher EUV self-absorptivity (also see the
work of Bouza et al. [96]) in the underheated zone making then2-PP here the more
e cient emitter of in-band EUV radiation. We note that self-absorption e ects are
absent in recent droplet-target experiments [32] in line with expectations given that the
lower-intensity parts of the Gaussian-focus laser pulse do not interact with the small
droplet target in that work.

2.4 Conclusion

In conclusion, e ciencies of converting laser energy into in-band EUV photons into a

2 -sr half-sphere (CESs) in excess of 3% have been achieved from a Sn plasma driven
by a 2um-wavelength laser system assuming isotropic emission. It here outperforms
plasmas driven by a fim-laser by a factor of two. The di erence between the two
drive laser cases can furthermore be qualitatively explained from self-absorption e ects.
Our ndings regarding the scaling of the optimum laser intensity for e cient EUV
generation and CE with drive laser wavelength are in broad agreement with the available
literature, here moving into the territory between 1 anguhOvavelength. Further
increases in CE are to be expected when providing a homogeneous heating of the plasma,
optimizing the spatio-temporal intensity pro le of the drive laser. Investigations of the
EUV emission anisotropy enable to fully capture the emission characteristics. Such
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Figure 2.5: Tin spectra from plasmas drivenlyand 2pm-lasers. The blackbody functions
B ., andB ., are divided byB,3 5 ,,y- The 2um-LPP spectra are scaled to be con ned by their
respective blackbody functions. Thauir-LPP spectrum is scaled according to the amplitude
ratio of the respective spectra in Fig. 2.4c. The green curve depicts the t result (f.Epto the
1-um-LPP spectrum (see main text). The inset schematically depicts the model.

future studies, preferably executed on mass-limited droplet targets, will further pave
the way for the application of @m drive lasers in industrial sources of EUV radiation
powering tomorrow's nanolithography.
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CHAPTER 3
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Versolato
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Experimental spectroscopic studies are presented, in a 5.5 25.5 nm extreme ultraviolet
(EUV) wavelength range, of the light emitted from plasma produced by the irradiation
of tin microdroplets by 5-ns-pulsed, 2um-wavelength laser light. Emission spectra are
compared to those obtained from plasma driven by Jtm-wavelength Nd:YAG laser
light over a range of laser intensities spanning approximately 0.3« 10 W/cm?, under
otherwise identical conditions. Over this range of drive laser intensities, we nd that
similar spectra and underlying plasma charge state distributions are obtained when
keeping the ratio of 14um to 2-um laser intensities xed at a value of 2.1(6), which is in
good agreement with RALEF-2D radiation-hydrodynamic simulations. Our experimental
ndings, supported by the simulations, indicate an approximately inversely proportional
scalingx "1 of the relevant plasma electron density, and of the aforementioned required
drive laser intensities, with drive laser wavelength . 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 51um at a constant laser intensity that maximizes the emission
in a 2% bandwidth around 13.5 nm relative to the total spectral energy, the bandwidth

* LB designed and set up theln laser, and equally contributed to planning, preparing and conducting
experiments, and operation of lasers
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relevant for EUV lithography. The signi cant improvement of the spectral performance
of the 24um- vs 1um-driven plasma provides strong motivation for the development of
high-power, high-energy near-infrared lasers to enable the development of more e cient
and powerful sources of EUV light.

3.1 Introduction

Laser-driven microdroplet-tin plasma provides the extreme ultraviolet (EUV) light
that is used in state-of-the-art EUV lithography [39, 40, 42, 44, 97 99]. 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 13.5nm[45 50, 82, 84, 100 102].
EUV-emitting plasma in an industrial nanolithography machine is driven by-G43

lasers with a 1Qu#m wavelength. Such plasma achieves particularly high conversion
e ciencies (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 available Mo/Si multilayer optics [103, 104]. Near- or mid-infrared solid-state
lasers may however soon become an attractive alternative to thg@asers because
such modern solid-state lasers are expected to have a signi cantly higher e ciency 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 [5, 6] represent a particularly promising class of novel, powerful
laser systems that have recently drawn signi cant attention. These lasers would operate
at 1.9um wavelength, in between the well-known cases of 1- andrii@rive lasers.
Recent simulation work indicates that a global CE optimum lies within this range of 1-
and 10pm drive laser wavelength [58]. Brie y, 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 spectrum out of the 2-% acceptance bandwidth [51 53]. To date, no
experimental 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 qfir2-wavelength-laser-
driven tin-microdroplet plasma is presented. The laser light is obtained from a master
oscillator power ampli er setup that comprises a series of KTP crystals pumped by a
ns-pulsed Nd:YAG laser (U 1 um), enabling one to gauge the potential of, e.g., thulium
lasers without the e ort of building one. The recorded spectroscopic data are compared
to those obtained from a im-driven plasma under otherwise identical conditions, over
a wide range of droplet sizes and laser intensities. Radiation-hydrodynamic simulations
using the RALEF-2D code [105], are presented to support the experimental ndings.
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Following the recent work of Schumt al. [51] on Nd:YAG-laser-pumped plasma, an
analytical solution for radiation transport in an optically thick one-dimensional plasma
is used to quantify the in uence of optical depth on the broadening of the key emission
feature at 13.5 nm.

3.2 Experiment

In the rst set of experiments micrometer-sized liquid tin droplets are irradiated with
high-intensity 2gm-wavelength laser pulses produced in a master oscillator power
ampli er (MOPA). Following the work of Arisholmet al.[22], the MOPA consists of

a singly resonant optical parametric oscillator (OPO) in collinear alignment followed
by an optical parametric ampli er (OPA). The latter comprises two 18-mm long KTP
crystals operated in type Il phase matching. The setup (see Fig. 3.1) is pumped by a
seeded Nd:YAG laser with a spatially at-top and a temporally Gaussian pro le of
10 ns (FWHM). The OPO is pumped with 18 mJ of energy within a 1.5-mm-diameter
beam resulting in an idler beam energy of 1.8 mJ at a wavelength ofi211The OPO

is operated slightly o 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 11 mm and
ampli ed in the OPA. Using 1.3 J of pump energy within a beam diameter of 10 mm,
260 mJ of 2um radiation are obtained, summing signal and idler pulse energies. The
pulse duration of both beams after ampli cation 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-micrometer-sized
liquid tin droplets created via coalescence of even smaller microdroplets from a tin jetin
avacuum chamber that is kept at or beb®f mbar. The diameter of the microdroplets
is adjustable within a range from 16 %n. The focal spot is elliptical and has a size
of 65 88um (FWHM) and laser intensities of up &1 « 10X W _cn? are obtained
on the tin droplets. Data taken with this 2-crystal setup is used for Sec. 3.4 and is part
of the data in Fig. 3.2(c), The intensity is de ned as peak intensity in time and space
and calculated tb, =.2 2In2_2 /3E|__abtp with laser energ¥, , FWHMsa and
b along the major and minor axis of the bivariate Gaussian and pulse dutatibne
energy in the beam is adjusted by the combination of a half-waveplate and polarizer.
The data displayed in Fig. 3.2(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
360 mJ while the pulse duration increased slightly to 4.7(3) ns (FWHM). The produced
beam has a symmetric focal spot and measurements are obtained for three focal spot
sizes of 106, 152 and 194n (FWHM) that are obtained using lenses of di erent focal
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Figure 3.1: Schematic representation of the experimental setup. A master oscillator power ampli-
er (MOPA) setup, comprising an optical parametric oscillator (OPO) and an optical parametric
ampli er (OPA), is pumped by a Nd:YAG laser (blue line). The signal beam is separated via
polarization optics and the idler beam<2.17um) 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.

distance length. The data obtained in the rst and this later experiment is combined in
Fig. 3.2(c).

To enable a direct comparison with plasmas driven pyrilwavelength laser pulses,
light from the 1um 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 a symmetric Gaussian
shape of 8eum (FWHM). The EUV emission from the tin plasma is collected by a
transmission grating spectrometer [80] set up undé®aangle with respect to the
incoming laser beam. The spectrometer was operated with a 10 000 lines/mm grating,
a 25um slit and without Iter. The measured spectra are corrected for the grating's
rst and second order di raction e ciency as well as for the quantum e ciency of
the camera. The wavelength is calibrated in a separate experiment using atomic line
emission from an aluminum plasma. Spectral purity (SP), de ned 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 calculated with respect
to the measured spectral range of 255 nm

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

For de ning development targets regarding power and pulse energy of futume 2-
lasers for use in EUV light sources, it is particularly relevant to know the laser intensity
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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 €6P/2 for isotropic emission [16].

To better understand the relevant plasma temperatures and densities, we study the ratio
of 1- and 2pm laser intensities at which plasmas of equal temperatures are established.
Plasma temperature is experimentally established via the shape and amplitude of charge
state speci ¢ spectral emission features [83, 96, 106, 107]. These features are indicative
of the plasma'’s charge state distribution which is predominantly dependent on plasma
temperature [85]. The experimental results are then compared to computer simulations
using the radiation-hydrodynamic code RALEF-2D as well as to previous analytic
work [85].

Spectral dependencies on drive laser intensity

In the experiments, rst the idler beam from the MOPA is focused onto @ro-
diameter droplet and spectra are measured using therhO§pot size at multiple
intensities within a range of 0.2:2 « 1011W_cn? (see Fig. 3.2(a)). At the lowest
laser intensity the plasma strongly emits around 14.5nm and didtindf transitions
in SrP* are visible around 17 nm [96]. Emission between 18 20 nm can be mainly
attributed to SA". At 15.7 nm, a strong emission feature frel 4f and4p 4d
transitions in SA* is visible. Going up this "ladder" of charge states, emission from
4d 4f and4p 4d transitions in S#' is visible at 14.8 nm and from 8hat 14.2 nm.
With increasing laser intensity the average charge state of the plasma increases and
emission from SH* is evident in the 9.5 10 nm region [83]. Increasing laser intensity
beyond10MW_cn?, the plasma strongly emits at 13.5 nm. This emission originates
fromthe4d 4f ,4d 5pand4p 4d unresolved transitions arrays (UTAs) in®rsn 14+
[44, 82]. With the strong emission at 13.5 nm, charge state speci c features become
visible between 7 and 12 nm. These features belong to the sathe&8K* ions and
here thedd 5f , 4d 6p and4p 5s transitions contribute strongest [83, 106]. With
increasing laser intensity SP rises to values of 1508 1011 W _cn? where charge
state balance is optimal for in-band EUV emission, before reducing again at even higher
intensity values (see inset in Fig. 3.2(b)).

Second, plasma is created using laser light pghlwavelength. Spectra for laser
intensities within the range @3 « 1012 W _cn? to 4:4 « 1011W_cn? are shown in
Fig. 3.2(b). When compared to theu#a drive-laser case the spectra show very similar
shape, albeit at an apparentincreased overall width. Again the same emission features of
charge states 8h Sn®* are visible at the lowest laser intensity but with somewhat less
prominent emission features. This reduction in prominence is particularly noticeable
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Figure 3.2: Spectra from tin droplet plasma observed at various intensities of thertap@am

(4.7 ns pulse duration, 1@6n FWHM, 3 KTP crystals) and the (b) gm Nd:YAG beam (10 ns

pulse duration, 8@m FWHM). The droplet size in both cases is|80. (c) Ratio of the intensities

of 1- and 2pm drive laser beams needed to obtain spectra with similar spectral features. The data
points represent the average intensity ratios from data taken with four di erent laser spot sizes
of the 2um laser beam of 6588, 106, 152 and 194m (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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for the peaks of charge states®Sand Si* (between 14 and 16 nm). Further the’Sn
peak at 14.2 nm is hardly visible (d8:2+ 1011 W_cn? in the 2um case). The SP rises
until it reaches values of 9.7% aroud 1011 W _cn¥ and subsequently decreases
as the charge state balance becomes sub-optimal for emission of 13.5nm light. The
peak intensities used in this work agree well with previously published work, where
the optimal SP was found at an intensitylod « 10*W_cn? using a temporally and
spatially box-like laser pro le to illuminate the tin droplets [16]. The higher intensity
value found in this work is attributed 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 ratip ,,_I , ,, each spectrum of theam
laser case at intensity, ,, iSs matched to a spectrum of theuin case at intensity; |,
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 [96, 107] this comparison provides access to the scaling of the plasma's charge
state distribution (and hence temperature) with laser wavelength. For each match of
laser intensities the ratio, ,,_I » , is calculated and plotted as a functionl gf ,, in
Fig. 3.2(c). The data points represent the average 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 therirwavelength laser beam size of|@6. More
speci cally, the comparison encompasses measurements witlua3flameter droplet
for 2-um case beam sizes of 688, 106 106, 153 152 and 194 194um and on a
194m-diameter droplet for the 888+4m beam. The red line shows the average
1 m_l2 m = 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 su ciently well known. The required EOS parameters will however depend
on the location in the plasma where the laser light is absorbed. Two cases can be
distinguished [85]. Case I: absorption of laser light dominantly occurs close to the
critical surface where the plasma's electron density equals the critical demsity (

Nyt X 2). This case is relevant for long wavelength laser light, e.g., frony IG€kers.

Case II: absorption is already signi cant in the underdense corona where the electron
density is lower than the critical electron density. For laser absorption of 1- @nd 2-
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beams, case Il applies and the tin plasma temperature can be written as [85]
1 *0:19

R 2

with laser wavelength, laser intensity , radiative loss fraction , of the plasma and

characteristic radius of the sonic surfd&®ede ned 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 [85]. Di erences in radiative losses of the plasmas are

neglected in the following, as they may be small for similar density and temperature

plasmas. The sonic surfaéeis only slightly wavelength dependent and the small

di erence can be neglected. From Hg.1), an intensity ratid;_I; =. ;_ /%% here

1 m_l> m = 1:8is calculated for = 1 and 2um 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 witf* .

Alongside this analytical approach, the radiation hydrodynamic code RALEF-
2D [105] is used to determine the laser intensity ratio yielding equivalent plasma
temperatures. RALEF-2D was developed to simulate laser plasma interaction and solves
the equations of uid dynamics in two dimensions (assuming cylindrical symmetry
around the laser beam propagation axis) while including necessary physical mechanisms
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 30m-diameter droplet is irradiated by temporally and spatially
Gaussian beams. The 1- ang2-beams have pulse durations of 10 and 4.3 ns (FWHM)
and sizes of 80 and 1@on (FWHM), respectively. Laser intensities in the range
spanningl0t® 102 W _cn? are simulated. The plasma's peak temperature is plotted
in Fig. 3.3. For the given laser intensities the maximum temperature is consistently
higher in the 2gm case. We note that the di erent pulse durations (10 vs. 4.3 ns) have
a minimal impact on temperature and density scales. The maximum temperatures are
seento follow Eq(3.1) tted as T[eV] = a  %38[pm] | %44[101 W _cn?], where a
common amplituda = 43 is determined by a global tto all data. E¢g.1) captures
the scaling of the peak plasma temperature over two decades in laser intensity.

Further shown in Fig. 3.3 are temperature and electron density lineouts along the
laser axis away from the droplet at intensities relevant for the e cient emission of
EUV light. The intensity of the 1- and @m cases were chosen to have nearly identical
peak electron temperature. This temperature strongly increases with distance from
the droplet surface and peaks aroungudilfrom 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 24m case. The point of highest temperature is much closer to

T x [1.1* %44 (3.1)
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Figure 3.3: Top: maximum temperature of a tin plasma for various laser intensities calculated
with the two-dimensional-radiation transport code RALEF-2D. AiB@-diameter droplet is
illuminated with temporally and spatially Gaussian-shaped laser pulses of wavelengths 1 and
2um. Center: temperature and electron density lineout along the axis of the incoming laser beam.
Bottom: frequency-integrated local radiation eld intendlity, of the plasma and its normalized
derivativedl 4. The radiation eld intensity is calculated from Eg 3) using the density and
temperature lineouts depicted in the center panel. For more detail see text.
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the critical density in the 2tm case indicating that the absorption of laser light occurs
closer to critical density while the conditions for laser absorption of case Il are still met.
Following Ref. [85], 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 lightk, R =constant. Inserting the Kramers' absorption coe cient for
laser radiatiork, we obtain [85, 108]

.R 2/ 2z°T™32 = constant (3.2)

with the mass density and the plasma’s average charge stat€onsidering that mass
density and ion densityy; follow the ratio of electron density and average charge
state x n; = ng_z, wherez U 22:5T%6[heV] (note thafT is input here in units of
100 eV) [85], 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 HG.2), a reciprocal scaling of mass density

and wavelength becomes directly apparent. The di erence in mass density can
thus be attributed to the di erence in absorptivity of the laser radiation from Kramers'
law [109]. This inversely proportional scaling of density with wavelength is the root
cause of the observed intensity ratio.

The bottom panel of Fig. 3.3 shows the radiation eld intensjty, and its normal-

ized derivativedl 4. The frequency-integrated radiation eld intensity is calculated
from

S
lagS/ = 1€ 0 S5+ . s/B.s/e s S/ds ds (3.3)

0
with the Planck mean absorptivity[m™]=3:3+107  [g_cn?] T™[eV] using
the temperature and electron density information in Fig. 3.3. For more information
see Ref.[110]. The normalized derivativiis .4 peak at 6.5 and @n distance from
the droplet surface for the 1- andun cases, respectively. They show that the typical
length scales of emission are similar in both wavelength cases. This nding is in
line with the similarity in length scales and indeed pro les of plasma temperature
and density (shown in the center panel of Fig. 3.3). The point of largest change in
radiation eld intensity is located slightly closer to the droplet surface than the point of
maximum temperature. The signi cantly higher density more than compensates for
the drop in temperature. The point of largest change in the radiation eld intensity of
the 1um-driven plasma occurs relatively far from the critical density, whereas in the
2-um-driven plasma this point lies close to the critical density, an observation explained
by the distances between the respective maximum temperatures and critical densities.
The radiation eld intensity at large distances from the droplet surface is approximately
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a factor of two higher in the {#m case because of the factor of two higher (emitter)
density compared to the|2n case.

3.4 Scaling of optical depth

The scaling of mass density with drive laser wavelength 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 wavelength, the step to
a 24m laser system could be particularly bene cial. In the following, we perform an
analysis of the optical depth associated with the EUV spectra by varying plasma size
following the work of Schupt al.[51]. This is accomplished by irradiating droplets
having diameters in the range 16 piin.

Scaling of peak optical depth with droplet size and drive laser wave-
length: examples

In our experiments the droplet diameter is changed in controlled steps from i1 51
and a constant laser intensity is used for both laser wavelength cases. First, droplets are il-
luminated with 2pm laser light with an intensity of 1.1 « 1011
W_cn?, close to optimal SP. The spot size i @Bum. In Fig. 3.4 spectra for the
smallest and largest droplet diameter are shown for both drive-laser cases. With increas-
ing droplet diameter the main emission feature at 13.5 nm widens and more intense
short-wavelength radiation is emitted relative to the 13.5-nm peak. Second, the same
scan is repeated with im laser light a2:4 « 1011 W_cn?, an intensity chosen based
on the intensity ratio in Fig. 3.2(c). Again, the main emission feature at 13.5nm widens
with increasing droplet diameter and more intense short wavelength radiation is emitted
relative to the 13.5-nm peak. For theuit driver these e ects however are much
stronger.

In the following, the spectra are analyzed regarding their optical depth similar to
the analysis in Ref.[51]. The wavelength-dependent optical depth ” dx
is de ned as the spatial integration over the product of the plasma's opaciand
mass density. In the instructive case of a one-dimensional plasma [60] in local
thermodynamic equilibrium (LTE), the spectral radiance is giveh by B .1* € /,
whereB is the Planck blackbody spectral radiance. We note that our high-density,
strongly collisional 1- and 2tm-driven plasmas are reasonably well approximated
by LTE [110]. At equal temperatures, and thus average charge state gécal?
[85]), this equation enables each measured spedtrium to be well approximated
by any other spectrumL ,; when taking into account the ratio of the corresponding
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Figure 3.4: Spectral emission from tin plasmas produced with 1- gud Rser wavelength for
small and large droplet diameters at laser intensities of 2.4dnd10 W_cn?, respectively.

peak optical deptha=;_ ,; as a single parameter independent of wavelength (see
Ref.[51] and the Appendix for further details). Subsequently, if any peak optical depth

p;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 ¢ 1 we have suitably modi ed the equation used in Ref.[51] as is
detailed in the Appendix.

As a reference spectrum, the spectrum measurequat taser wavelength, 10-ns
pulse duration and 3m droplet size is chosen. The peak optical depth of this spectrum
is determined by comparison of its 13.5-nm feature to opacity calculations in Ref. [110].
More speci cally, radiation transport is applied to the opacity spectrum calculated in
Ref. [110] for a here relevant mass density of 0:002 g_cn? and electron temperature
of T, = 32eV. The di erence between radiation transported opacity spectrum and
experimental spectrum is then minimized by changing the optical depth parameter
in a least-square troutine. This procedure leads to an absolute peak optical depth of

op = 4:5 for our reference spectrum.

Using Eq/(3.7) the peak optical depth,, of all spectra is tted with respect to
the reference spectrum. As expected, inserting the relative optical depth obtained
from the ts into Eq.(3.6) leads to an excellent reproduction of the main emission
feature, as is shown in Fig. 3.5 for a typical example spectrumu@@hoplet with a
2-um driver). A further reasonable reproduction of the 7 12 nm features is established
with the 24um driver outperforming the model spectrum with respect to the amount
of radiation emitted out-of-band. Figure 3.5 also shows a spectrum from an industrial
plasma produced by a J@m CO, driver which represents the limiting case of low
optical depth. The step from ajiwn to a 2um driver clearly signi cantly enhances the
spectrum.
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Figure 3.5: Spectrum produced withpya laser light (red line) compared to the radiation-
transported reference spectrum for a peak optical depth valug 8f2:2 (gray line, barely
distinguishable from the red line). Reference angh2-driven spectra were both obtained using
a droplet diameter of 3@m. Also shown is a spectrum obtained using gu®CG, laser that
represents the case of small optical depth (reproduced from Ref. [111]).

Scaling of peak optical depth with droplet size and drive laser wave-
length: all results

Having demonstrated the ability of the model function to accurately reproduce spectra
from a single reference spectrum, we show in Fig. 3.6(a) the tted values for all spectra
of the droplet size scans for 1- andu@: laser wavelength. In all cases the peak
optical depth ;,, appears to linearly increase with droplet diameter and to strongly
depend on the laser wavelength. Indeed, the peak optical depth ofuined2iven
plasma lies roughly a factor of 2 below that of theuh-one at largest droplet size,
which may be expected from the lower plasma density (cf. Section 3.3). However,
the 1um results were obtained with 10-ns-long pulses and are here compared to the
results from approximately 5-ns-long,2a pulses, and optical depth is known to
increase with pulse length [16, 51]. To provide a comparison on more equal footing,
we further compare in Fig. 3.6(a) our results to previous data [51], obtained using a
1-um wavelength laser with a 5 ns temporally box-shaped laser pulse. One of these
data sets is taken with a spatially attop laser pro le of @6 diameter [16, 51] while

the other one is taken with a Gaussian laser beam pro le @h6&WHM which more
closely resembles the experimental conditions for thue2driver case. The spatial
intensity distribution of the 1um laser beam is seen to impact the e ective optical
depth (see also Ref.[16]). On comparison of the spectra for the 2- anddases

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, becomes more pronounced at larger droplet diameters. The small deviation from
the factor ofi 2 fromthe x 1 scaling may originate from di erences in plasma
length scales, plasma temperature, or from the nite laser intensity gradient over the
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Figure 3.6: (a) Dependency of peak optical depthon droplet diameter for 5- and 10-ns laser
pulse duration at J#m wavelength and for 4.3-ns pulse duration at2-wavelength. Circles
indicate Gaussian spatial laser pro le and boxes indicate a homogeneous ' attop' laser beam
pro le. Peak optical depth is tted with respect to the spectrum obtainedath lvavelength, 10-

ns pulse duration and 3@n droplet diameter with optical depth of,, = 4:5. (b) Experimental

values 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,yadig4,
obtained from comparison of the reference spectrum with the emission of ti¢a€&-driven

plasma spectrum illustrated in Fig. 3.4.

plasma length scale. Nevertheless, a very signi cant reduction in optical depth of up to
40% is demonstrated when using ar@-laser to drive the plasma.

With peak optical depth being the pertinent scaling parameter of 1- anu@riven
tin plasmas the corresponding spectral purity of the emission spectrum is related to it
in Fig. 3.6(b). All experimental SP values, calculated over the range 025.5nm,
collapse onto the gray dashed curve obtained by calculating the SP of the radiation-
transported reference spectrum. Thpm2-case is slightly o set towards higher SP
values because of the reduced emission in the 7 12 nm wavelength band compared to
the radiation transported reference spectrum (cf. Fig. 3.5) that is not captured by the
model with the same accuracy as that of the main emission feature at 13.5nm. This
di erence between model and experiment may point to a small overestimation of the
optical depth of the 2um-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 o set in Fig. 3.6(b). This small overestimation of the optical depth may in
turn be due to a broader charge state distribution in our measurements gfithedse
caused by, e.g., laser intensity gradients or the slightly lower beam pointing stability
compared to the fim case. This observation leads us to expect an even lower optical
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depth in the 2dm case and brings our scaling ratio even closer to the expected factor of 2
fromthe "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 states8nSn14* would lead to further improvements of

SP and thus CE.

3.5 Conclusions

In conclusion, the e ects of optical depth, plasma density, and laser intensity on the
emission spectra of a@m-LPP source of tin microdroplets are investigated. The results
are compared to the case of auh-driven plasma. It is found that the laser intensity
required to maintain a common plasma temperature, scales approximately inversely
with laser wavelength in going from a 1- to gu& drive laser, a result that will help

de ning development goals for future @n drive lasers for LPP light sources. The
reciprocal scaling with laser wavelength (" ) 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 optical depth of time-8riven plasma

is signi cantly reduced, allowing for e cient 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 investigate the full CE potential gina @urce in a
setting more similar to the current industrial one. Our results indicate that there are
further opportunities for narrowing 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 generation using even longer-wavelength laser systems between 2
and 10um to nd the mid-infrared wavelength optimally suited to drive EUV light
sources at 13.5nm.
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3.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. [51]. In the following, the method from
Ref. [51]is rst outlined brie y and is subsequently generalized for use with plasmas
that are optically thin. The wavelength-dependent optical deptk ” dx is

de ned as the spatial integration over the product of the plasma's opaciynd mass
density density . The spectral radiande of an extended one-dimensional plasma
can be calculated by means of its optical depth as [60]

L =S .1*e [/: (3.4)

In local thermodynamic equilibrium (LTE), where collisional processes drive atomic
level populations, the source functi@ equals the Planck blackbody functién. Re-
arranging Eq(3.4), the optical depth of the recorded plasma spectrum can be obtained
from its relative spectral radiante B

0 1

L
=*| 1* — ¢ 3.5
no1r o 3:5)

The optical depths of two plasmas of similar temperatures, but with modestly di er-
ent densities and length scales, may di er (in rst approximation) only by a single
wavelength-independent multiplicative facty relating the plasmas' optical depths
via ; =g .o Here gand ; are the two wavelength-dependent optical depths of
the reference spectrum and any other speciruespectively. The relative spectral
radiances of these two plasmas can be related to each other via Eq. (3.5)

L_”:l* 01* ﬂl - (3.6)
B B i '

In order to apply Eq(3.6) to the spectra measured, the relative spectral radiance of
the spectra must be known. To obtain the relative spectral radiance, the ratio of
observed spectru® (meaning the spectrum as recorded with the spectrometer) and
blackbody function is normalized to the peak value at 13.5-nm wavelength (sulgcript
by replacingL with Lf = O B,_O,. The normalized ratitf _B is then multiplied
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by the amplitude factot * € » obtained from Eq. (3.5)

i;p— O;p

= 1+ e* - . (37)

T R %.1* e ovf
B

Note that the wavelength-dependent optical depth valygg {rom Eq.(3.6) have

been exchanged by their peak valueg,J. 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 (3 .Ejresults

in optical depth values that are mostly very similar, but some of which are up to 25%
lower for the smallest optical depths cases$ 2 ), than when using E@3.6). Using
Eq.(3.7)the peak optical depths,, of all spectra are tted with respect to a reference
spectrum of known peak optical depth (see main text).
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CHARACTERIZATION OF ANGULARLY RESOLVED EUV
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R. Schupp, L. Behnke Z. Bouza, J. Sheil, M. Bayraktar, W. Ubachs, R. Hoekstra, and O. O.

Versolato
Journal of Physics D: Applied Physibg, 365103 (2021).

The emission properties of tin plasmas, produced by the irradiation of preformed liquid
tin targets by several-ns-long 2um-wavelength laser pulses, are studied in the extreme
ultraviolet (EUV) regime. In a two-pulse scheme, a pre-pulse laser is rst used to deform
tin microdroplets into thin, extended disks before the main (3um) pulse creates the EUV-
emitting plasma. Irradiating 30- to 300-um-diameter targets with 2-um laser pulses,
we nd that the e ciency in creating EUV light around 13.5 nm follows the fraction

of laser light that overlaps with the target. Next, the e ects of a change in 24m drive
laser intensity (0.6 1:8« 101 W/cm?2) and pulse duration (3.7 7.4 ns) are studied. It is
found that the angular dependence of the emission of light within a 2% bandwidth around
13.5nm and within the backward 2 hemisphere around the incoming laser beam is
almost independent of intensity and duration of the 2um drive laser. With increasing
target diameter, 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 jum-
wavelength drive laser. Emission spectra, recorded in a 5.5 25.5 nm wavelength range,

* LB designed and set up theln laser, and equally contributed to planning, preparing and conducting
experiments, and operation of lasers
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show signi cant self-absorption of light around 13.5 nm in the 1um case, while in the 2gm
case only an opacity-related broadening of the spectral feature at 13.5 nm is observed. This
work demonstrates the enhanced capabilities and performance of @gm-driven plasmas
produced from disk targets when compared to 1gm-driven plasmas, providing strong
motivation for the use of 24um lasers as drive lasers in future high-power sources of EUV
light.

4.1 Introduction

Laser-produced plasmas containing highly charged tin ions are the light source of
choice for state-of-the-art extreme ultraviolet (EUV)lithography [39, 40, 42, 44, 53,
71,97 99, 112, 113]. Tin is used because no less than ve of its charge state¥ (Sn
Snt4*) strongly emit, with large amounts of atomic transitions clustered in so-called
unresolved transition arrays (UTAs) [114], in a harrow band around 13.5 nm [45 50,
82, 84, 100 102] that matches the peak re ectivity of available multilayer optics [103,
104]. These emission characteristics enable a high conversion e ciency (CE) of drive
laser light intoin-bandradiation into the backward hemisphere towards the laser origin,
with in-band radiation de ned as radiation in a 2% bandwidth centered at 13.5 nm.
The tin ions are bred in a hot 80 60eV) and denselQ'® 10°'e" cn?) plasma.
Starting from mass-limited tin-microdroplets, a low intengitg-pulse(PP) deforms
the droplets into a shape better suited for interaction with a second high-intevaity
pulse(MP), used to create the EUV-emitting plasma. This two-step process is crucial
for reaching source e ciencies and power levels that allow for the industrial utilization
of EUV lithography [61, 77, 115, 116]. Currently, 10u83-wavelength CQgas lasers
are used to drive the plasma, achieving CE values of up to 6% [40]. Recent simulation
studies however have drawn signi cant attention to the use ofim2nain pulse, a
wavelength at which high-power solid-state lasers may soon become available [59].
These simulation results show that CE values of tiuendriven plasmas may be on par
with the ones of 1Qam driven plasmas, at which point the expected higher wall-plug
e ciency [58] of near- to mid-infrared solid state over gas lasers may make for an
overall more e cient EUV source using the shortepéh wavelength.

Shorter drive laser wavelengths have the additional advantage of a higher coupling
e ciency of laser light with the tin plasma. The scaling of the here relevant inverse
bremsstrahlung absorption coe ciei, x 2n§, with wavelength and electron
densityn, indicates that shorter wavelength light is absorbed less e ciently at equal
plasma density but because of the higher critical electron demsity ( *), the shorter
wavelength laser light can penetrate into denser plasma regions leading to an overall
increased absorption of the laser light, with the aborption taking place in regions of
higher emitter and absorber density. This may bene t the obtainable source brightness
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but an associated increase in optical depth [32, 51] leads to increased broadening
of spectral features outside the in-band region relevant for EUV lithography. This
broadening may limit the obtainable CE. Limitations on the spectral performance
of EUV sources imposed by optical depth have been studied in detail for plasmas
driven by 1ym Nd:YAG lasers [16, 51, 54]. A 2m wavelength, between the widely
investigated 1 and 1@, is an interesting candidate providing intermediate plasma
densities and hence optical depth. In addition yan2systems based on di erence
frequency generation [15, 22, 32], high-power Big Aperture Thulium (BAT) laser
systems, operating at 1j#n wavelength, are currently under development [5, 6].

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 or= 10 um main pulses (see, e.g., [116 119]). A
broad body of literature has investigated experimentally the emission from undeformed
liquid tin droplet targets [16, 71, 89, 120], coated spheres [72] or solid-planar targets [52,
87, 88, 121] using Jum solid-state lasers. First results from experiments usipm2-
laser light driving plasma from solid-planar tin targets [15] as well as from undeformed
liquid tin droplet targets [32] have recently been presented. Both works demonstrate
the potential of the 24m drive wavelength, showing a doubling of the obtainable CE
over the 1gm driver, to a 3% level for the solid-planar tin target. At this 3% level
the overall conversion e ciency of wall plug power to in-band EUV may be at par
with the current C@-driven industrial solutions. Literature on industrially-relevant
mass-limited deformed targets interacting with either 1- gn2main pulse beams at
high CE is however not yet available.

In this publication, EUV light production from mass-limited tin targets, suitably
shaped by a um laser pre-pulse, is investigated using 1- angr2main pulse laser
systems to drive the plasma. First, plasma produced witlua taser beam is inves-
tigated for three di erent laser intensities and three laser pulse durations. For each
laser parameter set a wide range of target diameters (3300s investigated and
the resulting angular distribution of in-band emission, the e ciency of converting laser
light into in-band EUV radiation and overall EUV radiation, as well as the spectral
performance of the plasma, are characterized. Secondly, plasmas generated by 1- and
2-um drive laser light are characterized and compared.

4.2 Method

In the experiments, micrometer-sized liquid tin droplets are rst irradiated with a
relatively low intensity {10 ° W cm?), 14um wavelength PP (see Fig. 4.1(a)) from an
Nd:YAG laser. The PP propels the droplets and deforms them into extended, disk-like
targets of diameted; [122 125] with typical radial expansion speedsi®Oms™ .
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Figure 4.1: (a) Schematic representation of the laser beam setups for experiments 1 & 2 and
experiment 3 with pre-pulse (PP) and main pulse (MP) lasers shown. (b) Continuation from (a)
showing the locations and angles of the detectors. All angk® calculated with respect to

the laser-beam propagation axis, withs = cos cos' . (d) Selection of front and side view
shadowgraphs of the tin targets used for plasma generation, recorded by the two cameras indicated
in (b). (d) Temporal and (e) spatial pro les of the laser beams. For more detail see text.
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