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Man must cease attributing his problems to his environment,
and learn again to exercise his will – his personal responsibility
in the realm of faith and morals.
Albert Schweitzer
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Abstract
The work presented in this thesis is related to droplet-based laser-produced plasma light
sources. The laser intensity on the target is optimized for light emission in the extremeultraviolet (EUV) spectral emission regime. EUV light is used in the semiconductor industry in state-of-the-art EUV lithography, metrology and inspection tools used to manufacture and inspect 7 nm technology nodes and smaller. A by-product of EUV light emission
from plasma-based sources is expanding matter (debris) from the plasma region, including
ion, neutral and micrometre-sized fragments. Debris emitted from the plasma region expands and interacts with sensitive functional surfaces, in particular with the EUV collection
surfaces, to detrimental effect. Therefore, to optimize source run- and lifetime, which determine cost-of-ownership, it is fundamental to understand debris emission and provide
means for its mitigation.
Debris emission in the lateral expansion direction from droplet-based Nd:YAG irradiated
plasmas was studied in an angular range of 50° to 130° from the laser axis with radial probe
distances 𝑟𝑟𝑝𝑝 from 15 to 70 mm to the plasma ignition point at an ambient argon gas pressure of 2 × 10−2 mbar. The collected ion charge and expansion velocities were derived
from the ion profiles. It was found that the collected ion charge 𝑄𝑄 around the droplet scales
with 𝑄𝑄~𝑟𝑟𝑝𝑝−2 indicating that the main driving mechanism relates to the three-dimensional
plasma expansion and not recombination processes. An anisotropic ion bulk expansion in
the laser forward and backward propagation direction was deduced ranging from 29 km/s
to 21 km/s, respectively. The gradients of the ion bulk expansion velocities along 𝑟𝑟𝑝𝑝 were
found to be constant within the error margin across the measurement range. The leading
edge of the ion profiles showed an anisotropic behaviour around the droplet. The overall
particle load in terms of sample particle-area-coverage was evaluated as a function of lateral
angle in range of 45° to 130°. The particle load in lateral direction showed an exponential
increase in surface coverage within increasing lateral angle relative to the laser axis.
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The ion and EUV emission of droplet targets and their sensitivity with respect to lateral
misalignments was studied experimentally using electrostatic probes and EUV energy monitors. Ions were studied with the electrostatic probes as a function of ion density 𝑛𝑛𝑖𝑖 and ion
kinetic energies 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 . It was shown that when the EUV emission in lateral expansion at a
lateral angle of 60° from the laser axis was optimized, the ion density and kinetic energy also
increased. When maximising the EUV emission at 𝛾𝛾 = 60° through a shift of the droplet
by around 18% of the droplet diameter, the ion bulk kinetic energies at 31° and 75° also
increased by 9% and 15%, respectively, with a small increase in ion density of around 3%.
Intentional offset of the droplet target can result in higher EUV output for non-axisymmetric mirror configurations, at the expense of a higher ion load but a decreased load of droplet
fragments. The ion kinetic energy showed a strongly anisotropic expansion behaviour by
offsetting the droplet to the laser focus, where kinetic energies increased up to 60% in the
lateral direction by offsetting the droplet by more than 0.5 droplet diameters for a lateral
range of 31° to 90°. The ion density showed a more isotropic change with droplet offset,
while maintaining a forward-peaked distribution.
The influence of different background gases on the ionic emission of Nd:YAG-irradiated
droplet targets was studied experimentally with a spherical electrostatic analyser. A parametric variation of the static pressure in the range of 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar to 𝑝𝑝𝑠𝑠 = 8 ×
10−2 mbar was performed at a mirror representative radial distance of 180 mm. The gases
used for this study included the noble gases helium, neon, argon, krypton, and xenon, as
well as the diatomic gas nitrogen. An inverse proportionality of the negative total ion number gradient with measured tin ion charge state was measured with increasing static pressure
for helium, neon, argon and krypton, for which the singly charged tin ions Sn1+ experienced
a stronger decrease in ion number than the higher-charge states. In particular, neon showed
a strong decrease in singly-charged tin ions. This could imply an electronic stopping mechanism in ion reduction with increasing pressure. The reduction in measured ion charge
states for the different ambient conditions were addressed qualitatively by calculating the
collision mean free-path in the Landau-Zener framework. Qualitatively, a good agreement
between the detected tin ion charge states and the predicted LZ trends were found. The
different gases were evaluated on their suitability for LPP EUV light sources based on total
tin ion kinetic energy and EUV transmission. Three of the considered gases, including argon, krypton, and nitrogen, appear to be interesting for the tested pressure regime. Nitrogen
in particular showed an efficient reduction of tin ions.
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A novel debris management concept, called a liner system, utilising a confined protective
gas flow used to redirect, decelerate and entrain LPP generated debris, was developed. The
system combines local high-momentum gas flow injections, flow guiding, and confinement
surfaces, and was developed, characterized and tested under application-relevant conditions.
The efficiency of its debris-mitigation capability was demonstrated in two experimental
studies. First, a relative comparison between baseline operation and liner-integrated source
operation was performed, in which samples were exposed at different critical locations. The
surface coverage of the samples at a mirror representative position showed a reduction in
particle-area coverage by a factor of 23. The non-line-of-sight optics in the laser-backward
direction could be protected mainly through a trivial shadowing effect, and reduced the
particle-area-coverage by a factor of 50. In a second study, a lifetime assessment of two
mirror representative samples was performed in grazing incidence configuration at the two
radial distances of 200 and 400 mm. After 14 hours of plasma exposure, the mirror samples
at 200 and 400 mm distance showed a particle-area coverage of 1.5 and 0.1%, respectively.
EUV reflectometry measurements showed no significant change in EUV after sample exposure. Considering particle coverage as the mode of failure, a reflectivity reduction of 10%
is expected based on SEM measurements after 2.5 – 4.5 Gp for a GI mirror placed at 200
mm and 38 – 100 Gp for a GI mirror placed at 400 mm for the given experimental setup.
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Zusammenfassung
Die vorliegende Arbeit befasst sich mit tropfenbasierten laserproduzierte Plasma-Lichtquellen. Die Laserintensität auf dem Target ist für die Lichtemission im extrem ultravioletten
(EUV) spektralen Emissionsbereich optimiert. EUV-Licht wird in der Halbleiterindustrie
in hochmodernen EUV-Lithographie-, Mess- und Inspektionsanlagen verwendet, um
«Node sizes» der 7 nm Technologie und darunter herzustellen und zu inspizieren. Ein Nebenprodukt der EUV-Lichtemission von Quellen auf Plasmabasis ist expandierendes Material (Debris) aus dem Plasmabereich, einschließlich Ionen, neutralen Teilchen und mikrometergrossen Fragmenten. Debris, die aus dem Plasmabereich emittiert werden, dehnen
sich aus und interagieren mit empfindlichen Funktionsoberflächen, insbesondere den
EUV-Spiegeloberflächen, mit schädlichen Auswirkungen. Um den Betrieb und die Lebensdauer der Quelle zu optimieren, ist es daher von grundlegender Bedeutung, die Belastung
an Teilchenemission zu verstehen und Mittel zur Schadensminderung bereitzustellen.
Die Debrisemission in der lateralen Ausdehnungsrichtung von tropfenbasierten Nd:YAGbestrahlten Plasmen wurde in einem Winkelbereich von 50° bis 130° von der Laserachse
mit radialen Sondenabständen 𝑟𝑟𝑝𝑝 von 15 bis 70 mm zum Plasmazündpunkt bei einem
Umgebungsdruck des Argongases von 2 × 10−2 mbar untersucht. Die gesammelte Ionenladung und die Expansionsgeschwindigkeiten wurden aus den Ionenprofilen abgeleitet. Dabei wurde festgestellt, dass die gesammelte Ionenladung 𝑄𝑄 um den Tropfen mit 𝑄𝑄~𝑟𝑟𝑝𝑝−2
skaliert was darauf hinweist, dass der Hauptreduktionsmechanismus mit der dreidimensionalen Plasmaexpansion und nicht mit Rekombinationsprozessen zusammenhängt. Es
wurde eine anisotrope Ionenmassenausdehnung in der Vorwärts- und Rückwärtsausbreitungsrichtung des Lasers im Bereich von 29 km/s bis 21 km/s abgeleitet. Die Gradienten
der Ionenmassenausdehnungsgeschwindigkeiten entlang 𝑟𝑟𝑝𝑝 erwiesen sich innerhalb der
Fehlergrenze über den Messbereich als konstant. Die steigende Flanke des Ionenprofils
zeigte ein anisotropes Verhalten um den Tropfen herum. Die Gesamtpartikelbelastung in
Bezug auf die Partikelbelastung wurde als Funktion des lateralen Winkels im Bereich von
45° bis 130° ausgewertet. Die Partikelladung in lateraler Richtung zeigte eine exponentielle
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Zunahme der Oberflächenbedeckung innerhalb eines zunehmenden lateralen Winkels, relativ zur Laserachse.
Die Ionen- und EUV-Emission von Tropfentargets und ihre Empfindlichkeit gegenüber
lateralen Fehlausrichtungen wurde experimentell mit elektrostatischen Sonden und EUVEnergiesensorik untersucht. Die Ionen wurden mit den elektrostatischen Sonden als Funktion der Ionendichte 𝑛𝑛𝑖𝑖 und der kinetischen Ionenenergien 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 untersucht. Es zeigte sich,
dass durch die Optimierung der EUV-Emission bei lateraler Ausdehnung in einem lateralen
Winkel von 60° zur Laserachse auch die Ionendichte und die kinetische Energie zunahmen.
Durch die Maximierung der EUV-Emission bei 𝛾𝛾 = 60°und eine Verschiebung des Tropfens um etwa 18% des Tropfendurchmessers, erhöhten sich auch die kinetischen Energien
des Ionenvolumens bei 31° und 75° um 9% bzw. 15%, bei einer geringen Zunahme der
Ionendichte um etwa 3%. Ein absichtlicher Versatz des Zinntropfens kann zu einer höheren
EUV-Leistung bei nicht achsensymmetrischen Spiegelkonfigurationen führen, was zwar zu
einer höheren Ionenbelastung, aber eine geringere Belastung von Tropfenfragmenten führt.
Die kinetische Energie der Ionen zeigte ein stark anisotropes Ausdehnungsverhalten durch
Versetzung des Tropfens zum Laserfokus, wobei die kinetischen Energien durch Versetzung
des Tropfens um mehr als 0.5 Tropfendurchmesser für einen lateralen Bereich von 31° bis
90° um bis zu 60% in lateraler Richtung zunahmen. Die Ionendichte zeigte eine isotropere
Änderung mit Tröpfchenversatz, wobei eine Verteilung mit Maximum in Laser-Vorwärtsrichtung beibehalten wurde.
Der Einfluss verschiedener Hintergrundgase auf die Ionenemission von Nd:YAG-bestrahlten Tropfentargets wurde experimentell mit einem halb-sphärischen elektrostatischen Detektor untersucht. Eine parametrische Variation des statischen Drucks im Bereich von 𝑝𝑝𝑠𝑠 =
2 × 10−2 mbar bis 𝑝𝑝𝑠𝑠 = 8 × 10−2 mbar wurde bei einem spiegelrepräsentativen radialen
Abstand von 180 mm durchgeführt. Zu den für diese Studie verwendeten Gasen gehörten
die Edelgase Helium, Neon, Argon, Krypton und Xenon sowie das zweiatomige Gas Stickstoff. Bei Helium, Neon, Argon und Krypton wurde mit steigendem statischen Druck eine
inverse Proportionalität des negativen Gesamtionenzahlgradienten mit dem gemessenen
Zinn-Ionen-Ladungszustand für Helium, Neon, Argon und Krypton gemessen, wobei die
einfach geladenen Zinnionen Sn1+ eine stärkere Abnahme der Ionenzahl erfuhren als die
höheren Ladungszustände. Insbesondere Neon zeigte eine starke Abnahme der einfach geladenen Zinnionen. Dies könnte auf einen elektronischen Brems-Mechanismus bei der Ionenreduktion mit steigendem Druck hindeuten. Die Verminderung der gemessenen Ionenladungszustände für die verschiedenen Umgebungsbedingungen wurde qualitativ durch die
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Berechnung der mittleren freien Weglänge mit dem Landau-Zener-Modell untersucht.
Qualitativ wurde eine gute Übereinstimmung zwischen den detektierten Zinn-Ionen-Ladungszuständen und den vorhergesagten LZ-Trends gefunden. Die verschiedenen Gase
wurden hinsichtlich ihrer Eignung für LPP-EUV-Lichtquellen auf der Grundlage der kinetischen Gesamtzinnionenenergie und der EUV-Transmission bewertet. Drei der betrachteten Gase, darunter Argon, Krypton und Stickstoff, scheinen für das getestete Druckregime
interessant zu sein. Insbesondere Stickstoff zeigte eine effiziente Reduktion von Zinn Ionen.
Es wurde ein neuartiges Debrismanagementkonzept entwickelt, das als Liner-System bezeichnet wird um ein Schutzgas zur Umlenkung, Verlangsamung und zum Mitreißen von
durch LPP erzeugten Debris verwendet wird. Das System kombiniert lokale Gasströmungsinjektionen mit hohem Impuls, Strömungsleit- und Begrenzungsflächen und wurde unter
anwendungsrelevanten Bedingungen entwickelt, charakterisiert und getestet. Die Wirksamkeit der Debrisminderungsfähigkeit wurde in zwei experimentellen Studien nachgewiesen.
Zuerst wurde ein relativer Vergleich zwischen dem Betrieb im Ausgangszustand und dem
Betrieb mit integriertem Liner-System durchgeführt, bei dem Proben an verschiedenen kritischen Stellen exponiert wurden. Die Oberflächenbedeckung der Proben an einer spiegelrepräsentativen Position zeigte eine mittlere Verringerung der Partikel-Flächenbedeckung
um den Faktor 23. Die Nicht-Liniensichtoptik in der Laser-Rückwärtsrichtung konnte
hauptsächlich durch einen trivialen Abschattungseffekt geschützt werden und reduzierte die
Partikel-Flächenabdeckung um den Faktor 50. In einer zweiten Studie wurde eine Lebensdauerbewertung von zwei spiegelrepräsentativen Proben in streifendem Einfall in den beiden radialen Abständen von 200 mm und 400 mm durchgeführt. Nach 14 Stunden
Plasma-Exposition zeigten die Spiegelproben in 200 mm und 400 mm Abstand eine Partikel-Flächenbedeckung von 1.5 bzw. 0.1%. EUV-Reflektometrie-Messungen zeigten keine
signifikante Veränderung der EUV nach der Proben-Exposition. Unter Berücksichtigung
der Partikelbedeckung als Versagensart wird auf der Grundlage von REM-Messungen nach
2.5 – 4.5 Gp für einen GI-Spiegel in 200 mm Entfernung und 38 - 100 Gp für einen
Spiegel im streifenden Einfall in 400 mm Entfernung für den gegebenen Versuchsaufbau
eine Verringerung des Reflexionsvermögens um 10% erwartet.

xi

Acknowledgments

The time at the Laboratory for Energy Conversion was an invaluable learning experience
for me. Not only have I had the chance to work on an exciting and relevant research topic
but also had the opportunity to interact with a group of exceptionally talented, driven and
kind people on an everyday basis. Finalising this thesis would not have been possible without the support and input of a number of people whom I would like to acknowledge.
First and foremost, I would like to thank my supervisor Prof. Reza S. Abhari, for accepting
me as a doctoral student for this unique and incredibly interesting research project on laserproduced plasma sources. I would like to thank him for the numerous interactions and
discussions over the years, the valuable guidance and support especially in the beginning of
my project and the freedom and confidence I experienced which helped me to break new
grounds.
I am also very grateful to Prof. Padraig Dunne for accepting the role as co-examiner and for
the time and effort to review this thesis.
Furthermore, I would like to thank our industrial partner Zeiss, in particular Dr. Heiko
Feldmann, for making the lifetime measurements possible and for agreement to publish the
performed sample analysis.
I would like to thank the entire ALPS team for all the support I experienced over the last
years. In particular, my gratitude goes to Marco Weber who always had a helping hand in
critical moments and was available for numerous exciting discussions at any time. There are
many stories to tell, thanks to you, and I am happy to count you among my circle of friends.
Additional thanks go to current and former ALPS members: Dr. Jeremy Nickol, Dr. Duane
Hudgins, Alexander Sanders, Vahid Iranidokht, Sebastian Teutloff and Konrad Hertig.
Special thanks also go to Dr. Bob Rollinger and Dr. Nadia Gambino who introduced me
to the field of LPPs and EUV sources. I always enjoyed working with you and I was able to
learn a lot from you. For the many discussions about debris emission and plasmas I would
also like to thank my predecessor Dr. Andrea Giovannini. Furthermore, I would like to
thank Dr. Michel Mansour for helping me develop the 4HP for flow measurements in the
xiii

vacuum chamber and Alexandros Chasoglou for discussions on rarefied flows. Thanks also
to Fariba Abhari from Adlyte, for giving me valuable feedback for my conference talks.
A main part of this work was experimental, which would not have been possible without
the electrical knowledge and experience of Flori Alickaj. Also I would like to express my
sincere gratitude to Rolf Rüttimann and Thomas Künzle for manufacturing numerous demanding mechanical parts, your flexibility and all your suggestions.
A big thank you also goes to Marlene Hegner, for always taking the time to help me with
many administrative challenges and all the encouraging words.
Special thanks also goes to all my students I had the chance to supervise over the years,
namely Pietro Rossi, Jannick Gallmann, Samuel Rechsteiner, Felix Liebl, Lukas Markwalder and Joachim Förster. Here, I would also like to thank the many Hilfsassistents who
helped me realize many projects: Lukas Greiner for helping me parallelize the laser absorption calculations, Norman Pedrini, Marvin Bühler, Steve Maassen, Frank Grossenbacher,
Christian Thoma and Lucien Segessemann.
A thank you also goes to current and former LEC members for providing an inspiring environment on an everyday basis. Specifically, I would like to thank Dylan Barratt for all
your encouragement while writing my first paper and the many inspiring discussions we
had, Dr. Rainer Schädler, for the years we spent together at LEC with many good memories.
I would also like to thank all my office mates I had over the years: Annika Aurbach, Dr.
Sebastiano Lazzi Gazzini, Patrick Plagowski and Dominic Hänni.
I would like to express my sincere gratitude to all my friends who were close to me during
difficult times and for welcome distractions: Christian and Martina Begle, Jonas Hilti, Dr.
Christina Neier, Benedikt Zweifel, Marvin Rüppel, Dr. Simon Jacobi, Dr. Andreas Piehler,
Dr. Elisa Haller, Karl Schenzel, Fabian Eisenegger, René Mähr, Thomas Bauer and
Dominik Vogel. In particular, I would like to thank my friends and neighbours Dr. Martin
Batliner for his input on my thesis and Laurine Gosteli for the great company in the last
days of writing.
Zu guter Letzt, möchte ich meiner Familie danken, für all die Unterstützung, die unzähligen Gespräche, und den Beistand den ich von euch erfahren durfte. Speziell möchte ich
hier meinen Eltern Hildegard und Herbert danken, nicht nur für all euren Rückhalt, sondern auch, dass ihr mir die Neugier und das Streben zum Erforschen und Entdecken mit
auf den Weg gegeben habt. Diese Arbeit ist euch gewidmet. Ich möchte ebenfalls meiner
xiv

Schwester Susanne und ihrem Freund David für ihre Unterstützung und die gute Gesellschaft über all die Jahre danken.
Ein ganz besonderes Dankeschön gilt Isabell, für ihre Liebe, Geduld, die immerwährende
Unterstützung und vor allem all die Freude die sie in mein Leben bringt.

xv

Contents
Abstract ...........................................................................................................................v
Zusammenfassung .............................................................................................. ix
Contents ................................................................................................................xvii
List of Figures .................................................................................................. xxi
List of Tables................................................................................................. xxvii
Chapter 1
1.1

Introduction ....................................................................................1

Extreme ultraviolet radiation .............................................................................. 3

1.1.1

Optical properties and implications ............................................................. 3

1.1.2

EUV collection mirrors ................................................................................ 4

1.2

Plasma-based EUV sources ................................................................................. 4

1.2.1

General EUV source characteristics .............................................................. 5

1.2.2

HVM droplet-based LPP source .................................................................. 6

1.2.3

Sources for metrology and inspection .......................................................... 7

1.3

Application of EUV radiation in the semiconductor industry ........................... 10

1.3.1

EUV lithography ....................................................................................... 10

1.3.2

EUV inspection and metrology .................................................................. 11

1.4

Motivation ....................................................................................................... 14

1.5

Literature research ............................................................................................ 15

1.5.1

Debris emission ......................................................................................... 15

1.5.2

Debris management ................................................................................... 18

1.6

Research objectives ........................................................................................... 19

1.7

Thesis outline ................................................................................................... 21

Chapter 2

Experimental apparatus ..................................................................23

2.1

Vacuum and gas system .................................................................................... 23

2.2

Irradiation systems ............................................................................................ 24

2.2.1
2.3

Laser characterization ................................................................................. 25

Droplet generation ........................................................................................... 28
xvii

2.4

Control system ................................................................................................. 28

Chapter 3
3.1

Instrumentation and diagnostics .....................................................31

Radiation diagnostics ........................................................................................ 31

3.1.1

EUV energy monitor ................................................................................. 31

3.1.2

EUV sensor ................................................................................................ 35

3.1.3

ICCD camera ............................................................................................ 35

3.2

Charged particle diagnostics ............................................................................. 35

3.2.1

Electrostatic probes .................................................................................... 36

3.2.2

Electrostatic ion energy analyser (ESA) ...................................................... 41

3.3

Aerodynamic probe .......................................................................................... 49

3.3.1

Probe design and principle ......................................................................... 49

3.3.2

Post-processing of aerodynamic probe data ................................................ 51

3.4

Sample exposure ............................................................................................... 53

Chapter 4

Debris emission of droplet-based laser produced plasma sources in
lateral direction ..................................................................................57

4.1

Introduction ..................................................................................................... 57

4.2

Theoretical background .................................................................................... 58

4.2.1

Electrostatic probe theory .......................................................................... 58

4.2.2

Simple phenomenological model ............................................................... 60

4.3

Methods ........................................................................................................... 64

4.3.1

Experimental setups ................................................................................... 64

4.3.2

Post-processing methodology for ion data .................................................. 68

4.4

Results .............................................................................................................. 69

4.4.1

Experimental ion expansion results ............................................................ 69

4.4.2

Droplet fragment and neutral cluster load in lateral direction .................... 76

4.4.3

Comparison of experimental results with model ........................................ 77

4.5

Discussion ........................................................................................................ 81

4.6

Summary .......................................................................................................... 85

Chapter 5

Non-axisymmetric droplet irradiation and effects on ionic emission ..87

5.1

Introduction ..................................................................................................... 87

5.2

Methods ........................................................................................................... 88

5.2.1

Experimental setup .................................................................................... 88

5.2.2

Post-processing methodology ..................................................................... 89

5.3
xviii

Experimental results ......................................................................................... 90

5.3.1

Influence of target misalignment on ion emission ...................................... 91

5.3.2

Influence of target misalignment on electron emission ............................... 96

5.4

Discussion ........................................................................................................ 97

5.5

Summary ........................................................................................................ 100

Chapter 6

Background gas effects on ionic debris of droplet-based laserproduced plasmas ..............................................................................101

6.1

Introduction ................................................................................................... 101

6.2

Theoretical background .................................................................................. 102

6.2.1

Atomic collisions of charged particles with neutrals ................................. 102

6.2.2

Simple phenomenological models ............................................................ 108

6.2.3

Monte-Carlo model: Transport of Ions in Matter (TRIM) ...................... 110

6.3

Process of plasma expansion into low pressure gas .......................................... 111

6.4

Methods ......................................................................................................... 114

6.4.1

Experimental setup .................................................................................. 114

6.4.2

Post-processing of experimental results .................................................... 116

6.4.3

TRIM simulations ................................................................................... 118

6.5

Results and discussion..................................................................................... 119

6.5.1

Experimental results of various gases ........................................................ 119

6.5.2

Comparison with theoretical models ........................................................ 133

6.5.3

Comparison of gases ................................................................................ 140

6.6

Summary ........................................................................................................ 144

Chapter 7

Debris management of droplet-based laser-produced plasma sources..147

7.1

Introduction ................................................................................................... 147

7.2

Design of debris mitigation systems ................................................................ 148

7.2.1

Liner debris management system ............................................................. 148

7.2.2

Rotating debris shutter............................................................................. 161

7.3

Study I: Liner system – a comparative study ................................................... 164

7.3.1

Experimental setup .................................................................................. 164

7.3.2

Experimental results ................................................................................. 166

7.4

Study II: Life-time assessment of EUV collection optics ................................. 169

7.4.1

Experimental setup .................................................................................. 169

7.4.2

Experimental results ................................................................................. 170

7.5

Study III: High frequency mechanical shutter operation................................. 178

7.5.1

Experimental setup .................................................................................. 179
xix

7.5.2
7.6

Summary ........................................................................................................ 181

Chapter 8
8.1

Experimental results ................................................................................. 180
Conclusions, industrial implications and recommendations for future
work ....................................................................................... 185

Conclusions and industrial implications ......................................................... 185

8.1.1

Debris emission of droplet-based laser-produced plasmas in lateral
direction .................................................................................................185

8.1.2

Non-axisymmetric droplet-irradiation and effects on ionic emission ........ 186

8.1.3

Background gas effects on ionic debris of droplet-based laser-produced
plasmas ....................................................................................................187

8.1.4

Debris management ................................................................................. 188

8.2

Recommendations for future works ................................................................ 189

References ....................................................................................................... 191
Nomenclature.................................................................................................. 207
Appendix A

xx

List of publications ..................................................................... 215

A.1

Journal articles ................................................................................................ 215

A.2

Patents ............................................................................................................ 215

A.3

Conference presentations & posters ................................................................ 216

List of Figures
Figure 1.1– Schematic of an optical projection lithography system. ................................. 2
Figure 1.2– Simplified schematic side view of main components of HVM EUV source. .. 7
Figure 1.3– Simplified schematic top view of main components of LPP light source for
metrology applications. .................................................................................................... 8
Figure 1.4– Simplified schematic top view of main components of LDP light source for
metrology applications.34 .................................................................................................. 9
Figure 1.5– ASML’s NXE:3400B EUVL scanner, adapted from the ASML media library.44
....................................................................................................................................... 10
Figure 1.6– Simplified schematic of EUV mask lifetime (left), and EUV mask (right).47,48
....................................................................................................................................... 12
Figure 2.1– ALPS II LPP source prototype during source operation with the rectangular
vacuum chamber in the middle. ..................................................................................... 23
Figure 2.2– Schematic of vacuum and gas system of main experimental setup. .............. 24
Figure 2.3– Laser intensity profile at laser focus (a) and Gaussian profile approximation at
laser focus (b), reprinted from Giovannini.109 ................................................................. 25
Figure 2.4– Laser intensity profile at laser focus (a) and Gaussian profile approximation at
laser focus (b). ................................................................................................................ 26
Figure 2.5– Laser pulse time profile at a laser frequency of fL = 11.2 kHz. .................... 27
Figure 3.1– Assembled EUV energy monitor sub-component assemblies. ...................... 33
Figure 3.2– Wavelength resolved light transmission of integrated ML mirror and ML
mirror combination with thin-film Zr filter. .................................................................. 33
Figure 3.3– Sketch of measurement circuit for EUV energy monitor ............................. 34
Figure 3.4– Technical drawing of the electrostatic probe design. .................................... 37
Figure 3.5– Microscope images of EDM machined probe tips at different magnifications
....................................................................................................................................... 38
Figure 3.6– Image of installed electrostatic probe with retractable shutter blade. ............ 38
Figure 3.7 – Images of an experimental ion probe setup during operation...................... 39
Figure 3.8– Image of motorized probe array with six electrostatic probes.122 .................. 40
Figure 3.9– Sketch of measurement circuit for electrostatic probe bias and acquisition.7840
xxi

Figure 3.10– Image of fully assembled high-vacuum chamber of ESA. ........................... 42
Figure 3.11– Images of opened vacuum chamber of electrostatic analyser. ..................... 43
Figure 3.12– Schematic sectional side (a) and top view (b) of the ESA experimental setup.
....................................................................................................................................... 44
Figure 3.13– Inverted raw charge-electron multiplier (CEM) signal collected by the CEM
anode. ............................................................................................................................ 48
Figure 3.14– Schematic of four-hole probe (4-HP) measurement setup. ........................ 50
Figure 3.15– (a) Aerodynamic 4-HP tip and (b) integrated pressure sensors on PCB. .... 51
Figure 3.16– Overview of gas flow regimes for different degree of rarefaction. ............... 53
Figure 3.17– Sample exposure setup shown in closed (a) and open position (b). ............ 54
Figure 3.18– Sample wheel with mounted silicon sample pre-exposure. ......................... 54
Figure 3.19– Example for sample image processing. ....................................................... 56
Figure 4.1– Schematic lateral (a) and top sectional view (b) of the lateral ion expansion
experimental setup. ........................................................................................................ 65
Figure 4.2 - Schematic top sectional view of the ICCD experimental measurement setup.
....................................................................................................................................... 67
Figure 4.3 - Averaged ion probe current waveforms at a radial distance 1.5 cm from the
plasma irradiation point. ................................................................................................ 68
Figure 4.4 - Position-time plots of the plasma ion bulk maximum. ................................ 71
Figure 4.5– Velocity of the positive ion flux peak plotted against the angle from the laser
axis. ................................................................................................................................ 72
Figure 4.6– Position-time plots of the plasma ion leading edge. ..................................... 73
Figure 4.7– Time-integrated positive ion charge collection 𝑄𝑄 at different distances. ...... 74
Figure 4.8– Averaged normalized ion probe current waveforms at an angle 𝛾𝛾 = 50° from
the laser axis. .................................................................................................................. 75
Figure 4.9– FWHM of the ion probe current waveform plotted against the distance from
the plasma irradiation point. .......................................................................................... 76
Figure 4.10– Particle area coverage (PAC) of exposed silicon samples in lateral expansion
direction after ~2 × 107 pulses..................................................................................... 77
Figure 4.11– Projected view (a) VIS emission captured by ICCD camera119 and simulated
absorption region ........................................................................................................... 78
Figure 4.12– Sectional view of numerically calculated normalized laser absorption in plasma
around droplet target...................................................................................................... 80
Figure 4.13–– Ion number density plotted against the radial distance from the plasma
irradiation point. ............................................................................................................ 81

xxii

Figure 5.1 – Schematic top sectional view of the non-axisymmetric droplet irradiation
experimental setup. ........................................................................................................ 89
Figure 5.2 – Influence of droplet-to-laser focus misalignment Δ𝑥𝑥 on laterally resolved lowpass filtered time-of-flight (TOF) signals. ....................................................................... 92
Figure 5.3 – Ion bulk kinetic energies Ekin as a function of droplet-to-laser focus
misalignment Δ𝑥𝑥. .......................................................................................................... 94
Figure 5.4 – Leading edge kinetic energies as a function of droplet-to-laser focus
misalignment Δ𝑥𝑥. .......................................................................................................... 95
Figure 5.5 – Estimated ion density ni as a function of droplet-to-laser focus misalignment
Δ𝑥𝑥. ................................................................................................................................ 96
Figure 5.6 – Collected peak electron current as a function of droplet-to-laser focus
misalignment Δ𝑥𝑥. .......................................................................................................... 97
Figure 5.7–Normalized projected laser intensity on droplet surface at zero azimuth. ...... 99
Figure 6.1– Nuclear and electronic stopping power of argon at static pressure of 0.06 mbar
for tin ion obtained with TRIM framework.181 ............................................................ 105
Figure 6.2– Mean free paths of background atom – ion of plasma (a) and plasma ion-ion
(b). ............................................................................................................................... 114
Figure 6.3– Schematic sectional side top view of the ESA experimental setup. ............. 117
Figure 6.4– Tin ion energy distributions at different helium background gas pressures ps.
..................................................................................................................................... 120
Figure 6.5– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different helium background gas pressures. .... 121
Figure 6.6– Tin ion energy distributions at different neon background gas pressures ps.
..................................................................................................................................... 122
Figure 6.7– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different neon background gas pressures......... 123
Figure 6.8– Tin ion energy distributions at different argon background gas pressures ps.
..................................................................................................................................... 124
Figure 6.9– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different argon background gas pressures........ 125
Figure 6.10– Tin ion energy distributions at different krypton background gas pressures ps.
..................................................................................................................................... 126
Figure 6.11– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different krypton background gas pressures. ... 127
Figure 6.12– Tin ion energy distributions at different xenon background gas pressures ps.
..................................................................................................................................... 128

xxiii

Figure 6.13– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different xenon background gas pressures. ...... 129
Figure 6.14– Tin ion energy distributions for different molecular nitrogen background gas
pressures ps. .................................................................................................................. 130
Figure 6.15– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different molecular background gas pressures. 131
Figure 6.16– Three dimensional map of around 7000 Au/z signals for a molecular nitrogen
background gas environment........................................................................................ 132
Figure 6.17– Nitrogen ion energy distributions for a pressure of ps ~ 0.02 mbar. ......... 133
Figure 6.18– Discretized tin ion numbers ΔNz,j for neon background gas at varying static
pressure. ....................................................................................................................... 135
Figure 6.19– Total tin ion number Ntot for various gases.............................................. 136

Figure 6.20– Mean free paths Δλ,LZ for different background gases, calculated with the
Landau-Zener91 approximation. ................................................................................... 139

Figure 6.21– Ionization energy of tin between Sn1+ and Sn5+ in comparison with the first
ionization potential of the noble gas target atoms.203 .................................................... 140
Figure 6.22– The experimentally measured charge-specific total ion kinetic energy Etot,z for
different ambient gases. ................................................................................................ 142
Figure 6.23– Total tin ion energy Etot at a radial distance of 180 mm. .......................... 143
Figure 7.1– Schematic sectional views of the proposed liner system and its major
components, adapted from Brandstätter et al.210 ........................................................... 152
Figure 7.2 – Measured local static pressure map within the inner liner structure. ......... 155
Figure 7.3 – Measured flow velocity map within the inner liner structure. ................... 156
Figure 7.4 – Projected flow velocity vectors. ................................................................. 157
Figure 7.5 – Comparison of simulated and measured gas flow properties. .................... 159
Figure 7.6 – Comparison of free-standing on liner integrated measurements. .............. 160
Figure 7.7 Flow velocity mapping, simulated with the transitional flow interface of
COMSOL in a 2D domain.131 ..................................................................................... 161
Figure 7.8– Schematic of rotating shutter disc geometrical parameters. ........................ 163
Figure 7.9– Schematic sectional top views of the experimental setup during comparative
sample exposure tests. ................................................................................................... 165
Figure 7.10– Surface density plot, calculated from optical microscope images with a
magnification of (a) × 20 and (b) × 50. ...................................................................... 167
Figure 7.11– Surface density plot, calculated from optical microscope images with a
magnification of × 20. ................................................................................................. 168
Figure 7.12– Schematic sectional top view of the experimental setup during grazing
incidence sample testing. .............................................................................................. 170
xxiv

Figure 7.13– Images of 1” ruthenium samples after 14 hours of exposure with a pulse
equivalent of about 0.4 billion pulses. .......................................................................... 171
Figure 7.14– Optical microscopy images of exposed sample at a radial distance of 200 mm.
..................................................................................................................................... 172
Figure 7.15– Particle-area-coverage calculation based on binary image of sample deposition
of sample exposed at a radial distance of 200 mm, analysed by optical microscope. ...... 173
Figure 7.16– Optical microscopy images of the exposed sample at a radial distance of 400
mm. ............................................................................................................................. 174
Figure 7.17– Particle-area-coverage calculation based on a binary image of sample
deposition on sample exposed at a radial distance of 400 mm and analysed by optical
microscope. .................................................................................................................. 174
Figure 7.18– Scanning-electron microscope (SEM) image, including the binary image, for
the particle-area-coverage calculation for the sample exposed at a radial distance of 200 mm.
..................................................................................................................................... 175
Figure 7.19– Scanning-electron microscope (SEM) image, including the binary image, for
particle-area-coverage calculation for the sample exposed at a radial distance of 400 mm.
..................................................................................................................................... 175
Figure 7.20– Detailed SEM-EDX images of a sample exposed at a radial distance of 200
mm, with a focus on elongated debris formation at a magnification of 6k (a) and another
particle formation at a magnification of 13.3k .............................................................. 176
Figure 7.21– Detailed SEM-EDX images of a sample exposed at a radial distance of 200
mm. ............................................................................................................................. 176
Figure 7.22– Detailed SEM-EDX images of sample exposed at a radial distance of 400 mm.
..................................................................................................................................... 177
Figure 7.23– Schematic view of the experimental setup of the sample exposure tests with
the mechanical debris shutter design. ........................................................................... 180
Figure 7.24– Binary image of (a) exposed sample 1 and (b) sample 2 protected by the
mechanical debris shutter. ............................................................................................ 181

xxv

List of Tables
Table 1: Laser operational parameter considered within this thesis. ................................ 28
Table 2: Overview sample post-processing techniques performed in-house and by Zeiss.133
....................................................................................................................................... 55
Table 3: Covalent radii,194 atomic mass and VHS parameters195 for Sn projectile (𝑇𝑇ref =
3000 K) and target elements (𝑇𝑇ref = 273 K). ............................................................... 110
Table 4: Overview of experimental conditions during source operation. ...................... 166
Table 5: Summarized PAC results from grazing incidence sample testing including solid
angle compensated PAC results and extrapolated mirror lifetime. ............................... 178
Table 6: Results for the EUV reflectometry measurements after exposure for the 200 and
400 mm sample ............................................................................................................ 178

xxvii

Introduction

Chapter 1

Introduction

This thesis investigates laser-produced plasmas (LPPs) with spherical droplet targets. A main
research field for laser-produced plasmas with regenerative targets is associated with light
source applications. The light emission properties can be tailored with the target material
and the laser irradiation characteristics. Within the light source field, a driver for research
and development in the area of droplet-based plasma light sources was the microelectronics
industry.
Microelectronics has fundamentally transformed technology and every aspect of modern
life, since the invention of the transistor and the packaging into an integrated circuitry (IC).
Since then, the microelectronics industry has been driving the decrease in circuit elements
to further push IC packaging density. In 1965, Gordon Moore1 attempted to provide a
timeline for the future of computing power by predicting the number of transistors on a
microprocessor chip as a function of time and estimated a doubling every year which was
revised in 1975 to a doubling every two years.2 It turned out that this prediction, later also
called Moore’s law, was confirmed over the decades to come, with relevance up to this day.
Moore’s law was adapted by the semiconductor industry to become a driving principle and
ultimately resulted in a road map to coordinate hundreds of suppliers and manufacturers to
provide an increasingly complex infrastructure for chip manufacturing.3,4A key enabling
technology to sustain this exponential growth over the past decades in high volume manufacturing (HVM), was the process of photolithography.5,6 Fundamentally, photolithography is a photochemical process, where a light sensitive chemical photoresist is exposed and
developed. Optical projection of a mask onto the photoresist covered silicon wafer is used
to replicate a mask pattern. The solubility of the resist illuminated by the light changes and
emerges upon development.7 The remaining pattern replicating the structure of the mask
is then used for subsequent process steps including etching and doping.7 A typical optical
lithography system is shown in a schematic representation in Figure 1.1.
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Leading-edge optical projection systems operate at the conventional Rayleigh diffraction
limit where the critical feature dimension CD can be calculated from
CD = 𝑘𝑘1

𝜆𝜆
.
NA

(1.1)

This relation predicts that the critical dimension scales with 𝑘𝑘1 being a process constant, 𝜆𝜆
being the exposure wavelength and NA being the numerical aperture. 𝑘𝑘1 depends on factors
including photoresist, mask parameters and the optical system. An absolute limit of the
process parameter exists at 𝑘𝑘1 ≥ 0.25 and the limit for the numerical aperture is one in
vacuum.8 The feature size reduction over the past decades was enabled by an optimization
of these three parameters.
Light
source

Condenser
optics
Mask
Projection
optics

√

Wafer

Figure 1.1– Schematic of an optical projection lithography system.
The illumination wavelength 𝜆𝜆 was one of the parameters which experienced a successive
reduction over the past decades, since it linearly impacts the achievable resolution, assuming
NA and 𝑘𝑘1 remain constant. In the beginning of HVM microchip production, where feature size were ranging in the one micrometre range, mercury arc lamps were used with a
wavelength of 436 nm (g-line) down to 365 nm (i-line). The next wavelength reduction
introduced, were the deep-ultraviolet (DUV) light sources of krypton fluoride (KrF) at 248
nm wavelength and finally the argon fluoride (ArF) lasers at 193 nm with feature sizes below
100 nm. The latest microchips produced with ArF light sources (193i nm) use further resolution enhancing techniques including phase shift illumination, source mask optimization,
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multi-patterning and immersion lithography (NA>1).9,10 With these elaborate techniques
utilising up to quadruple patterning, manufacturing down to the 7 nm node were achieved
with 193i nm technology (Pitch size of ~30 nm). In 2018, also with the introduction of
the 7 nm node, the latest disruptive wavelength reduction towards plasma-based light
sources at a wavelength of 13.5 nm took place and was introduced into HVM.11 The step
towards so called extreme-ultraviolet (EUV) illumination, took 20 years of development,
and led to numerous fundamental changes to the entire chip manufacturing industry. The
implications and requirement changes for manufacturers and suppliers are elaborated in the
subsequent sections.

1.1

Extreme ultraviolet radiation

Typically, the EUV spectral range is defined between 30 eV to about 250 eV, corresponding
to a wavelength of 5 nm to 40 nm.12 The main application-relevant wavelength region used
for EUV lithography wavelength on the other hand is defined at a wavelength centred at
𝜆𝜆 = 13.5 nm with a bandwidth of 2%. For the rest of this thesis, light centred at 𝜆𝜆 = 13.5
nm with a bandwidth of ±2% is referred to as EUV light.

1.1.1

Optical properties and implications

A particular characteristic of EUV radiation is the strong absorption by all materials and
refraction indices in the vicinity to unity. In the EUV region, photon absorption can be
calculated with the Beer-Lambert law and the knowledge of the mass attenuation coefficient
𝛽𝛽 which is dominated by the photoeffect in the EUV region.13 The strong absorption of
EUV radiation, has two fundamental implications for the application: (i) the entire optical
system must be in a vacuum environment and (ii) all optical components for EUV light are
no longer refractive but reflective. The availability of high reflectivity optics, defined the
wavelength of choice at 𝜆𝜆 = 13.5 nm. To achieve high reflectance values in non-grazing
incidence configurations, multilayer (ML) mirrors need to be used.
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1.1.2

EUV collection mirrors

Fundamentally, two types of EUV collecting are used. The first collection type relies on
total reflection of metallic surfaces in grazing incidence configuration, and are therefore
called grazing incidence collectors (GIC). GICs are usually used for lower power applications because large collection angles in the range of 5 sr proved to be difficult to implement
for HVM lithography applications. Aside from the collection angle limitation, GICs have
several benefits including simple and cost-efficient design with high theoretical reflectivity.
Normal incidence collectors (NICs) are typically used in HVM lithography applications.
For a light incidence angle of 𝜃𝜃𝑖𝑖 > 25°, ML structures with alternating layers of high- and
low Z materials are used to achieve high EUV reflectivity of up to 70%.14,15 Typically, a
stack of up to 60 molybdenum and silicon bi-layers are coated on a low roughness substrate,
where a peak reflectivity of close to 70% was demonstrated.15 Thereby, the ML system is
optimized to fulfil the Bragg equation 𝑚𝑚𝑚𝑚 = 2𝑑𝑑𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃𝑖𝑖 ), where 𝑚𝑚 is the diffraction
order, 𝑑𝑑𝑀𝑀𝑀𝑀 is the period of the bi-layer system and 𝜃𝜃𝑖𝑖 is the light incidence angle. This
results in layer period of 𝑑𝑑𝑀𝑀𝑀𝑀 = 6.92 − 6.95 nm and a thickness ratio of 0.4.16 For convergent or divergent beam incidence or aspherical optics also a grading of the ML layer
thickness needs to be incorporated into the mirror design. This variation in layer thickness
is particularly challenging to achieve for large variations of angle of incidence on aspherical
surfaces.
Aside from photon absorption of the thin-film bi-layers, the main contributor to EUV mirror reflectivity reduction is surface roughness induced scattering. The influence of these
roughness components can be categorized into low-, mid- and high-spatial frequency
roughness. Thereby, the high-spatial-frequency roughness (HSFR) accounts for the reduction of reflectivity through scattering. To reach a reflectivity of close to 70%, extremely
challenging HSFR (rms) requirements of sub 0.1 nm roughness are imposed on EUV optics for scanner applications.17

1.2

Plasma-based EUV sources

While different approaches to EUV light generation apart from plasma-based sources where
studied, industry soon adopted the use of high density and temperature plasmas as EUV
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radiation sources in HVM manufacturing and inspection applications. HVM and inspection sources apply fundamentally the same principles but are optimized for different characteristics and will be elaborated subsequently.

1.2.1

General EUV source characteristics

Plasma-based EUV sources share some general traits. All sources need a target material
which generates highly charged ions to emit radiation in the EUV spectrum. The target
material can be provided in different forms, including gas targets, film targets, jets or monodispersed droplets. The source of excitation for the considered temperate and density range
is typically either from a discharge or a focused laser beam. The employed excitation scheme
depends on the light source application. The EUV collection optics is another common
feature shared by all sources which can either be implemented in grazing or normal incidence configuration varying in size and shape.
Three possible target materials were identified as candidates for emission of radiation in the
EUV regime, including lithium, xenon and tin. For most applications tin turned out to be
the material of choice, caused by several factors including target delivery, debris generation,
and conversion efficiency.18 The conversion efficiency is defined by consumed power input
per EUV energy output centred around 13.5 nm. Light emission in the EUV spectrum
originates from the resonance transition of highly charge ions, in the case of tin from the
unresolved transition array (UTA), mainly from Sn8+ to Sn14+, while higher charge states
might also contribute.19 To achieve these highly charged ions, high power densities resulting
in high temperature plasmas in the order of 20-40 eV need to be produced, which is generally only attainable in a pulsed operation. A possibility to generate this pulsed operation
includes discharge- and laser-produced plasmas (DPP and LPP).
A by-product, inherently coupled to emission of radiation from highly charged ions, is
plasma debris. Plasma debris is composed of different kinds of particles, including ions,
neutrals and target fragments. Depending on type of plasma, power density of excitation
source, target material and shape, a range of different plasma debris can emanate from the
plasma region. The challenge of plasma debris is related to surface deterioration of sensitive
components, in particular the EUV collection optics. The cost-of-ownership (CoO) of
EUV light sources is predominately determined by the collection optics which is considered
5
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a consumable part in the source. Hence, debris mitigation is an essential part of every
plasma-based EUV source to achieve a sensible CoO.

1.2.2

HVM droplet-based LPP source

Key challenges associated with EUV sources for EUV scanners are high power output,
source life-time and source availability. All parameters are continued to be improved. Current, HVM EUV sources used in EUV scanners are based on micrometre-sized droplets
irradiated by a high power CO2 laser (𝜆𝜆 = 10.6 µm), generating a high temperature plasma
radiating with a spectral peak around 13.5 nm. These HVM sources are being produced by
two companies, namely ASML20 and Gigaphoton.21 Both companies fundamentally use the
same approach of using tin droplets irradiated by a double pulse scheme, with the main
pulse being a CO2 laser, collecting the emitted EUV light with a NIC. Different debris
mitigation approaches are applied which shall be briefly explained in the subsequent paragraph.
A simplified schematic of the HVM source with its main components is shown in Figure
1.2. Current state-of-the-art sources are able to deliver an average EUV power of up to 250

W at the intermediate focus (IF).11 Key to achieve power output at that level is useable CO2
power, source conversion efficiency (CE) and dose control. The CO2 laser provides >20 kW
average power at the laser focus with an operating frequency of 50 kHz. For future EUV
sources, feasibility studies up to 500 W are ongoing, with an increase in laser input power
>30 kW at 80 kHz.20 To operate the source at a repetition rate of 80 kHz also droplet
targets need to be provided with sufficient droplet spacing in the mm-range to avoid plasma
interaction with the subsequent droplet. The provided tin droplets typically have a diameter
range of 10 µm to 30 µm with droplet velocities in the hundred m/s range.20,21
Advanced droplet irradiation schemes with a pre-pulse laser are in place to improve coupling
of main pulse into target and plasma, thereby achieving higher CEs while reducing the
expansion velocities of the charged particles.
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Figure 1.2– Simplified schematic side view of main components of HVM EUV source. Plasma
is generated at laser focus, where droplets laser radiation interacts with droplet target. EUV emission is collected and transported to intermediate focus.

The ellipsoidal NI collection optics used for HVM sources have a considerable collection
solid angle in the range of Ω ≥ 5 sr.22,23 To maximize collection surface the mirror is arranged symmetrically around the laser beam. To protect the NIC from detrimental debris
different approaches are exploited. ASMLs source uses hydrogen gas at a static pressure level
in the range of 100 Pa with flow velocities in the hundreds of m/s. Using hydrogen has
several advantages for HVM applications including high EUV transmission, ability to
transport heat and its ability to etch tin during operation.20 Gigaphoton, besides using hydrogen gas, also employs strong magnetic fields to deflect charged particles by Larmor
movement.21

1.2.3

Sources for metrology and inspection

The major challenges associated with the EUV source development for metrology and inspection applications is source brightness, emission stability in time and space and source
availability and lifetime. The key parameter defining throughput in actinic-based mask metrology tools is source brightness.24 Target source brightness B > 100 Wmm-2sr-1 with a
high radiation energy dose stability and high spatial stability are required for these applications.25–27 In contrast to HVM EUV sources, smaller angle of radiation collection are possible which allows flexibility in source design. Different sources designs were proposed for
7
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metrology applications and aerial imaging applications. Due to the vast range of source
concepts, here only the most relevant plasma-based designs shall be introduced.

1.2.3.1

Laser-produced plasma sources for metrology

Also here different concepts, mainly distinguished by target material and supply were introduced, ranging from lithium to tin, tin alloys in jet, film and droplet form.28–30 The most
promising designs include the usage of droplet-target combined with a high-frequency
solid-state laser, typically Nd:YAG. For metrology applications the average laser power output is ranging between 1 kW to 2 kW with a repetition rate of 5 kHz to 20 kHz.30,31 Shorter
wavelength lasers with 1.064 µm wavelength are used to achieve the high brightness requirements for metrology applications. Depending on the final application, also GICs can
be used for light collection for in terms of brightness and power output. The NIC assemblies
are mainly used for more demanding applications. Both mirror configurations can also be
implemented in non-axisymmetric mirror configurations. A possible source configuration
is shown schematically in Figure 1.3.
Vacuum chamber
Nd:YAG

Focusing
optics

Plasma

Beam
dump

Debris mitigation
NIC

EUV beam

Intermediate
focus

Figure 1.3– Simplified schematic top view of main components of LPP light source for metrology applications.

One of the major advantages of these sources is the potential to scale brightness and power
requirements through laser technology. State-of-the-art LPP sources for metrology applications measured a brightness up to B = 350 Wmm-2sr-1 at an operational frequency of 1012 kHz.32
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1.2.3.2

Discharge-produced plasma sources and variants for metrology

Mainly two discharge produced EUV sources are currently used in semiconductor industry.
Here only two source concepts are presented, including the DPP source based on a xenon
gas target with Z-pinch,27,33 and the laser-assisted discharge produced plasma based on a tin
film target.34
The commercially available xenon-based DPP sources generate plasmas through a pulsed
discharge of electrically stored energy. The high density and temperature plasma needed to
generate the high charged xenon ions is produced by a magnetic compression of the DPP
plasma by using a Z-pinch. Z-pinch sources provide a high flux, high source availability but
have the downside of low brightness of less than 10 Wmm-2sr-1.35
Another variant to generate an EUV emitting plasma is a laser-assisted discharge produced
plasma (LDP).36 A simplified schematic of the source setup is shown in Figure 1.4. The
target material is provided in form of a liquid tin film from two counter-rotating disks,
which also represent the anode and cathode of the discharge system. The trigger laser is used
to ignite a small plasma to generate a conducting bridge to ignite the EUV emitting plasma
between both disks.34
Collection
optics
Debris
mitigation

Trigger
laser

Tin supply
disks
Capacitor

Figure 1.4– Simplified schematic top view of main components of LDP light source for metrology applications.34

EUV brightness up to B = 120 Wmm-2sr-1 were measured at a source operational frequency
of 9 kHz for this source setup.36
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1.3

Application of EUV radiation in the semiconductor

industry
The EUV emission region is used for a variety of scientific and industrial purposes.6,37 As
pointed out earlier, commercially the most interesting application of EUV light sources is
associated with the semiconductor industry for EUV lithography,38,39 and metrology and
inspection.31,40,41 Additional applications of EUV emission include EUV microscopy.42,43

1.3.1

EUV lithography

With the introduction of EUV scanners a radical design change with respect to the DUV
systems had to be introduced, including vacuum system and entire redesign of all optical
components to reflective optics compatible with EUV radiation. Figure 1.5 shows the fifth
generation of 0.33 NA EUV scanner from ASML, the NXE:3400B which was introduced
for the 7 nm and 5 nm node.

(c

(b

(a
Figure 1.5– ASML’s NXE:3400B EUVL scanner, adapted from the ASML media library.44 Bottom right corner (a) shows the HVM EUV light source which couples to (b) the illumination
optics and finally (c) the projection optics.

This EUV scanner facilitates a tin droplet-based EUV plasma as a light source, shown in
the bottom right in Figure 1.5 (a). The EUV source couples to the illumination optics
through the intermediate focus (IF). The condenser optics (illumination), shown in Figure
1.5 (b), have the purpose to transport light from the first bounce collection optics to the
10
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mask, while defining the illumination type on the EUV mask. The EUV mask is mounted
on the reticle stage and consists of an EUV blank coated with an absorber layer containing
the pattern information. The EUV mask and EUV mask infrastructure will be discussed in
more detail in the subsequent sub-section. Downstream the light path, after the EUV mask
illumination, the projection optics shown in Figure 1.5 (c). The projection optics, defining
the NA of the scanner, de-magnify the mask image onto the wafer. In current state-of-theart systems a numerical aperture of NA=0.33 is used.20
The next state-of-the-art scanner introduced into market is the NXE:3400C which further
improves the wafer throughput from 125 wph to 170 wph.20 Current efforts to further
scale node sizes down to the 5 nm and 3 nm node include high NA optics aiming for
NA=0.55 (EXE:5000).45,46

1.3.2

EUV inspection and metrology

With the change from the DUV wavelength to the EUV wavelength, fundamental and
necessary changes were imposed on the mask manufacturing industry and its infrastructure.
In particular, the development of actinic inspection tools was deemed a vital step towards
achieving HVM manufacturing capability. Today, all major actinic tools necessary for EUV
mask manufacturing, including actinic aerial imaging, actinic blank inspection, and actinic
patterned mask inspection, are available for NA=0.33 infrastructure.

1.3.2.1

EUV mask infrastructure

Due to the nature of this work, mainly actinic tools are presented in this brief review, while
DUV and alternative solutions are only mentioned briefly. The production of an EUV
mask is a complex process involving numerous steps. A simplified schematic representation
of the EUV life-cycle and EUV mask structure are shown in Figure 1.6. At different process
points in this life-cycle, mask qualification and defect inspection, relying on different metrology and inspection tools, are necessary. The inspection tools can be distinguished between defect-characterising systems and defect-mapping systems. Mapping systems need to
be able to scan the entire mask or blank surface to identify defect position, while the characterising systems identify the type of defect and printability.
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Figure 1.6– Simplified schematic of EUV mask lifetime (left), and EUV mask (right).47,48

The first step of EUV mask manufacturing involves the production of a substrate. Supplying a substrate without defects is critical, since defects such as pits or bumps cascade downwards in the mask production cycle. The inspection of the substrate surface is typically
performed with traditional DUV inspection tools. The substrate is coated through magnetron sputtered Mo-Si ML layers with a final capping layer on top. In this state, the mask is
equivalent to an EUV mirror. Here, an actinic blank inspection (ABI) tool is used to identify top surface defects as well as ML phase defects. After inspection and, potentially, repair,
a buffer and absorber layer are applied over the capping layer, while the back of the substrate
is coated with a conductive layer for electrostatic chucking. In a final step, the entire mask
blank is inspected again before being shipped to the mask shop.
At the mask shop, the blank is inspected before mask manufacturing and is sent back to the
blank supplier if it does not meet specifications. The mask patterning process involves the
application of a photoresist patterned by an electron beam writer onto the absorber layer.47
Here sometimes an anti-reflective coating (ARC) is applied if DUV inspection of patterned
masks is necessary.47 Usage of an ARC layer further aggravates three-dimensional mask effects during illumination, especially for future high NA applications. The absorber and
buffer layer are dry-etched, and the final EUV mask is inspected with a mask inspection
tool (DUV, EBI or actinic), though an actinic patterned mask inspection (APMI) tool is
ideal. The APMI tool identifies the defect positions, which go through a defect review,
repair, and review verification cycle. This cycle is a workflow which can be implemented by
two tools: an aerial imaging tool and a repair tool - typically an electron beam tool. In a
final step the mask is mapped again, before shipment to the wafer fabrication facility (wafer
fab).
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In the wafer fabrication facility, regular mask inspections also need to be performed to check
for possible particle contamination within the EUV scanner. In recent years, the industry
made major efforts to improve scanner cleanliness, but contamination caused by mask handling and vacuum-ambient transfers remains a challenge. Hence, industry has converged
on the position that pellicles for protecting the mask from particles is a requirement for
future node sizes. Using detachable pellicle solutions implies an added risk for particle introduction. Thus, through pellicle inspection (TPI) of masks in the wafer fab is desired,
which can only be performed by an APMI tool.49

1.3.2.2

State-of-the-art inspection tools

Three different actinic inspection and metrology tools are used within the EUV mask infrastructure: an actinic blank inspection tool (ABI), an actinic patterned mask inspection
tool (APMI), and an aerial image monitoring system (AIMSTM). All three systems are commercially available, including the AIMSTM EUV tool,50 the ABI tool,51,52 and the APMI
tool,49,53,54 a recent addition that fills the last gap in EUV mask infrastructure. The latest
AIMSTM EUV tool has the ability to emulate the illumination settings of an EUV scanner
to replicate its scanner imaging conditions in terms of wavelength, illumination, CRA and
NA up to 0.33.55 The emulation of NA = 0.55 for the next generation scanner, taking into
account the latest anamorphic scanner optics, is currently being explored by Zeiss.55
Currently available ABI systems are routinely used for mask blank quality control, and can
thus fulfil the requirement that defectivity detection is addressed to the degree necessary for
HVM introduction for the 7 nm technology node.53 Recent publications have shown some
room for improvement when detecting low aspect phase defects, which would imply a larger
NA of 0.1.56
APMI is one of the key technologies for ‘true-HVM maturity’, as it can be used for final
qualification of masks at mask shops, incoming inspection of masks at the wafer fabrication
facility, and requalification of masks after exposure.56 First results from Intel's mask shop
showed the capabilities of the available APMI system in terms of defect sensitivity, image
quality, full mask inspection capability, and TPI, with room for improvement on the EUV
source side.49
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1.4

Motivation

Actinic aerial imaging and EUV blank and mask inspection all use plasma-based EUV light
sources. Thus, EUV light source technology plays a decisive role for contemporary and
future EUV mask tools.
Even though commercial solutions exist for AIMS, ABI, and, as of very recently, APMI, it
is likely necessary, especially for upcoming technology nodes, to further develop existing or
new EUV sources for EUV mask tools. One thing learned from EUV scanner development
was the importance of EUV source technology. In particular, source scalability in terms of
EUV power was an essential success factor for EUV scanner development. Brightness is, in
contrast to HVM sources, a key parameter for EUV light sources in metrology applications,
due to the small etendue illumination on the mask. By using droplet-based LPP EUV
sources, brightness scalability is made possible by laser technology. Aside from the superior
brightness of LPP sources relative to DPP sources, a further advantage is their ability to
increase operational frequency. Providing target material in the form of mono-dispersed
droplets is the fundamental technical prerequisite to scale repetition rates, with a required
source stability of up to the tens of kHz. Increasing the number of EUV pulses per unit
time to increase source brightness is considered to be crucial for through-pellicle inspection,
as it reduces the thermal load imposed by the small area of illumination of an inspection
system. Hence, droplet-based LPP sources for mask inspection tools remain a highly desirable EUV light source solution for current and future EUV mask tools.
One of the main challenges associated with droplet-based LPP sources, in particular for
high repetition rate source operation, is optics lifetime. The first-bounce EUV collection
optics are subject to harsh debris fluxes from the EUV-emitting plasma, in the form of ions,
neutrals, and droplet fragments which reduce the lifetime of the light source.
Enhancing the understanding of debris formation and expansion, specific to droplet-based
LPP sources for metrology applications is necessary for the further improvement of EUV
collector lifetimes and debris mitigation approaches. Furthermore, to further improve
source CoO, debris control and mitigation approaches need to be optimized and developed
in a way that is tailored to droplet-based LPP sources for metrology applications.
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1.5

Literature research

This thesis can be divided into two main parts: the first investigates debris emission studies
specific to droplet-based LPP sources, and the second presents and studies novel debris mitigation approaches.
The debris emission investigations can be further divided into three studies. The first deals
with the debris emission of droplet-based LPP sources in the lateral expansion direction,
the second assesses the impact of non-axisymmetric droplet irradiation on ionic debris emission in combination with EUV emission, and the last studies the effects of background gas
on the ion emission of droplet-based LPPs.

1.5.1

Debris emission

Typical targets in current EUV sources are micrometre-scale tin droplets generated by the
break-up of a liquid jet.57 These micrometre-sized tin droplets are irradiated by the excitation source at the focus volume. One of the peculiarities of droplet-based plasmas is the
possibility of target-to-laser focus offset, which has important implications for plasma formation and expansion. Within nanoseconds, the target material evaporates, creating a highdensity region where most of the incoming photons are absorbed through inverse bremsstrahlung.58 Electrons gain energy from the laser beam, leading to an increase of the ionization degree. A plasma forms, consisting of charged particles expanding with velocities of
tens of km/s. These ions eventually reach the EUV collecting optics, resulting in reflectivity
degradation through erosion and coating processes which comprises the lifetime of the EUV
light sources. In addition to high velocity ionic emission, additional debris is generated by
the irradiation of liquid droplet targets. Only a small fraction of the supplied target material
is vaporized, and only a partial ionization of the generated vapour plume subsequently takes
place. Therefore, aside from the high kinetic energy atomic particles, slower debris, including the droplet fragments and vaporised target material that constitute the main mass emanating from the generated plasma, are also detrimental to sensitive surfaces in the LPP light
source and need to be considered for future EUV light source designs.
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Debris emission in lateral direction from droplet-based LPPs
Studies of the kinetic energy and ion charges in space from EUV-radiating tin plasmas have
been conducted mostly on slab targets.59–64 Investigations of the influence of inertial background gas65,66 and electrostatic and electromagnetic deflectors67,68 have been published for
EUV-emitting tin plasmas on flat targets.
However, the implications of the limited target mass and spherical target shape on ion expansion in the lateral direction were not examined in these slab target studies. More recent
publications show the effect of droplet targets on ion kinetic energy distribution from ns
and ps pulsed irradiation as measured by a Faraday cup (FC) at a fixed lateral position.69–71
The anisotropic ion behaviour of droplet targets is studied for a single distance, representative for the placement of an EUV collector, by means of an electrostatic analyser72 for a
single ns pulse irradiation scheme and for FCs with a multiple pulse irradiation scheme.73–
75

Fujioka et al. studied the ion charge and kinetic energy for 500 µm tin-coated plastic

micro-balloons with a Thomson parabola ion analyser and a single FC. 76 Shimomura et al.
published the effects of a debris mitigation strategy including ion mitigation schemes with
minimum-mass tin targets.77 First results of the spatial distribution of the ion kinetic energy
from droplet target in the centimetre range were shown by Gambino et al.78 with a Langmuir probe array and by Nakamura et al.73 with a single FC for three points in space with
a double irradiation scheme.

Non-axisymmetric droplet irradiation
The generation of droplets with diameters in the order of tens of micrometres is inherently
coupled to variations in position accuracy, resulting in shifts of the target position compared
to the laser focus volume in the micrometre range. EUV pulse energy, EUV position accuracy, and debris emission are very sensitive to target placement with respect to the laser
focus volume.79,80
Double irradiation schemes in which the pre-pulse can act as an amplifier for droplet instabilities are especially sensitive to droplet instabilities as is light emission. Due to the practical
relevance for HVM applications, several experimental and numerical studies dealing with
target shaping, fragmentation, and sensitivity thereof to non-axisymmetric droplet irradiation have been published.79,81–83
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Since EUV brightness, rather than average EUV power, is the main concern for light sources
in inspection and metrology, smaller solid-angle mirrors, which allow greater flexibility for
source design and debris mitigation strategies, may also be employed. Mirror solid angles
with Ω < 1 sr allow for non-axisymmetric collector mirror arrangements for inspection
and metrology applications.30,84 For off-axis EUV mirror arrangements, it is particularly
important to understand plasma dynamics, debris, and EUV emission for droplet-to-laser
focus offset in order to optimize run- and lifetime. The few existing studies of ion and EUV
emission sensitivity to droplet offset provide mainly qualitative results.82,85 One study dedicated solely to quantifying EUV emission and its sensitivity to droplet misalignment is
described by Weber et al.32

Background gas effects on ionic debris of droplet-based LPPs
The interaction of plasmas and energetic ion beams in the keV range with neutral gases has
a long research history. These interactions have been extensively studied experimentally and
numerically, driven primarily by fusion and astrophysics research focusing on electron capture processes and stopping power experiments.86–92 In this context, mono-energetic beams
were most commonly used to study single and multiple collisional processes of ions with
neutrals. Multi-energy ion emission from LPP sources was generally not addressed in the
context of these publications. The interaction of LPP-produced ions with buffer gases was
thoroughly investigated macroscopically in the context of pulsed laser deposition, by means
of fast-imaging techniques and with laser intensities several orders of magnitude lower than
generally used in plasma-based soft X-ray light sources.93–95 Similar imaging techniques,
such as intensified charge-coupled devices (ICCDs) or strobed cameras, were later applied
to explore tin LPPs in the context of plasma light sources on slab targets.66,96,97 A shortcoming of visible plume imaging is the impossibility of investigating the fast moving ions resolved within the plasma plume which generally do not emit in the visible region.98 Furthermore, it is typically impossible to make any charge-state resolved statements. The interaction of tin ions generated by an electron cyclotron resonance (ECR) ion source with neutral gases has also been investigated using spectroscopy, addressing charge exchange phenomena.99–102
For plasma light sources applied in EUV lithography systems in high-volume manufacturing, there has been a general consensus regarding the use of hydrogen as a mitigation gas,
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prompted primarily by its high EUV transmission and etching ability.38,103 A number of
studies of the effects of H2 on the stopping efficiency of ions generated by tin LPPs on slab
targets have been published.104,105 The specificities of mass-limited targets implied by droplet targets, however, were not addressed. The direct measurement of Sn ionic species transmitted through a hydrogen buffer gas layer has been performed more recently by
Abramenko et al.106 for flat tin targets and Hoekstra107 for tin droplets using an ion spectrometer.

1.5.2

Debris management

In the context of this thesis, "debris management" includes not only the ability to mitigate
plasma debris, but also to manage the mitigated debris and fuel mass flow inside the vessel
while allowing for removal during source operation.
A large variety of studies of debris mitigation schemes for EUV sources have been published,
mostly on flat targets or with low repetition rates. These studies include the use of lowpressure gas,65,66,105 the positioning of a gas curtain in front of sensitive surfaces,108,109 the
use of a rotating shutter110,111 the use of electro-static or magnetic repeller fields67,68 or combinations thereof.112 Secondary plasma generation acting as a fast shutter has also been explored.113
State-of-the-art HVM EUV light sources for lithography make use of a hydrogen background gas as a buffer layer due to its high EUV transmission and radical formation, which
interacts with deposited tin.18 Fully integrated debris mitigation systems relevant for HVM
EUV source applications demonstrated that hydrogen gas flows a with static pressure in the
range of 100 Pa and velocities of the order of hundreds of m/s.38,114 Another approach to
mitigating the high kinetic energy particles in HVM sources, used in combination with
hydrogen gas flows, is the use of electromagnetic repeller fields generated by superconducting electromagnetic generating magnetic fields in the range of 1-2 Tesla.21 The use of hydrogen in tin-based sources implies the formation of gaseous tin hydrides, in particular
stannan (SnH4), which can be pumped out of the system.19 The main downsides to using
hydrogen is the additional engineering control required to ensure the safe handling of the
hydrogen and the generation of toxic tin hydrides. This additional engineering overhead
results in more cost-intensive solutions, which is undesirable for many applications and
research environments.
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Due to the smaller collector solid angle requirements of metrology and inspection systems,
different approaches, including fully integrated foil traps in combination with an inert
buffer gas, are more commonly used.36 Few application-relevant debris management systems descriptions that combine debris mitigation and fuel mass flow management have been
published. The topic of fuel mass flow in EUV light sources is addressed by Bakshi18, but
practical implementations or studies thereof are not available. As mentioned previously, the
use of foil traps in a mechanical mitigation scheme is typical in metrology applications.
Another option includes the use of optical choppers, which exhibit no transmission losses
under ideal operating conditions. Optical chopper systems were developed and tested for
low repetition rate sources,115 but not for sources operated in the kHz range.

1.6

Research objectives

The scope of this project and the associated research tasks should enhance our understanding of debris formation and expansion, as well as the debris management of tin dropletbased LPP sources for metrology and inspection applications. Key determinants of economic viability include availability and source cost-of-ownership, which are both coupled
to the debris emission and mitigation strategy, and are therefore key to future applications.
In order to improve light source cost-of-ownership with long component life-times, it is
therefore of fundamental importance that we develop a better understanding of the debris
generation and expansion mechanism under realistic source operating conditions for masslimited droplet targets. To this purpose, this study investigates ion distribution and expansion at different lateral positions to predict the ion load at different EUV collector positions.
The angular ion distribution in the centimetre range is important because most of the recombination is expected to take place in this plasma-density space for Nd:YAG irradiated
targets. This study is novel as previous studies on ion recombination focused on planar
targets. Besides high velocity ionic emission, additional debris originates from micrometresized fragments and neutral cluster debris, resulting in the coverage of sensitive surface.
Studying the fragment load in the lateral direction in combination with ion emission defines
an optimized position for off-axis mirror positioning and is explored in this work.
One of the peculiarities of droplet-based plasmas is the possibility of target-to-laser focus
offset, with important effects on plasma formation and expansion. Studying the effects of
19
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droplet-to-laser focus offset on ionic emission, in terms of kinetic energy and ion density
and coupled to EUV emission, is important for the optimization of source operating conditions. Furthermore, mirror lifetime can be more realistically assessed if lateral droplet instabilities are taken into account. Literature covering non-axisymmetric droplet irradiation
effects on ion in combination with EUV emission remain scarce and are therefore considered a novel contribution.
One way to mitigate high velocity particles is through the application of a background gas.
Most studies performed on tin ion emission through background gas is either performed
using hydrogen as a background gas or by simply relying on imaging diagnostics. In this
work, the direct charge-resolved measurement of tin ions is performed with a parametric
variation of ambient conditions for droplet targets for the first time. This study aims to
increase our understanding of ion stopping and number reduction for different ambient
conditions and droplet targets.
The final part of this thesis is dedicated to debris management systems applicable to tin
droplet-based EUV sources for metrology applications. Two novel systems were developed,
characterized, and studied under application relevant conditions. The first system employs
localized gas injection in combination with confining and flow guiding surfaces. The main
objectives of the first study were capability assessment and performance evaluation of this
system, based on source run-time and lifetime, in comparison with baseline operation. Relevant parameters include debris mitigating effects on surfaces for in- and out of line-of-sight
optics, as well as debris removal capability. The second study evaluated the potential lifetime
of EUV collecting surfaces by exposing sample surfaces. The third experimental study studied the possibility of operating a mechanical shutter system during multiple kHz source
operation in order to reduce the debris load without imposing EUV transmission losses.
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1.7

Thesis outline

Chapter 1 provides an overview of plasma-based EUV sources and their usage in semiconductor industry to provide context for this work. A literature research on previous research
on debris emission and mitigation of droplet-based sources is presented and the research
objectives are presented.
Chapter 2 presents the main experimental apparatus, including the vacuum system, the
irradiations system and a brief introduction to droplet generator and control system.
Chapter 3 gives an overview of the different instrumentation and diagnostic systems, including radiation diagnostics, charged particle sensors and gas flow sensors.
Chapter 4 presents the first experimental results of the debris emission in lateral expansion
direction, including a numerical model to qualitatively explain the plasma expansion.
Chapter 5 presents the experimental results of ion and EUV emission sensitivity on intentional droplet to laser focus offset, including a discussion and summary.
Chapter 6 describes the influence of different background gases on the ionic debris emission and discusses the experimental results in comparison with two theoretical models with
implications for source applications.
Chapter 7 introduces two novel debris mitigation systems. One system is based on localized
gas injections with confining surfaces, called liner system, and the second system is an optical shutter for kHz source operation. Both systems are characterized and a performance
assessment is conducted. Furthermore, a lifetime study for EUV collection surfaces is presented for the liner system.
Chapter 8 concludes the present work and provides suggestions for future work.
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Chapter 2

Experimental apparatus

In this chapter the main experimental apparatus used for this thesis is introduced. The major part of this work was performed on the LPP source prototype ALPS II, shown in Figure
2.1. In the image, the laser head cabinet, the source chamber with vacuum manifold, the
laser control unit, main control unit, control interface and gas panel with valve terminal are
depicted. The major subsystems including vacuum and gas systems, the two high power
Nd:YAG irradiation systems, droplet generator and control system are introduced in the
following subsections.

Figure 2.1– ALPS II LPP source prototype during source operation with the rectangular vacuum
chamber in the middle.

2.1

Vacuum and gas system

A sketch of the vacuum and gas system is depicted in Figure 2.2. The vacuum system consists of the main rectangular vacuum chamber of ALPS II which is connected with vacuum
piping and a gate-valve to the main vacuum pump. The ambient gas conditions in the
vacuum chamber were controlled with the PLC system, explained in more detail in section
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2.4. Different gases were available including high purity helium, argon, neon, krypton,
xenon and molecular nitrogen. The mass flow rate was controlled with a mass-flow controller or needle valve. The vacuum pressure inside the vacuum chamber was measured with
two vacuum gauges and a wide-range-gauge. The droplet dispenser backpressure is also
controlled from the PLC system and can either be connected to the high pressure backpressure (BP) reservoir or to vacuum.

Vacuum
gauges

BP
regulator

Droplet
generator

Gate
valve

BP reservoir

Dry vacuum
pump

ALPS II
vacuum chamber
MFC

Background gas feeding line

Ar

N2

He

Kr

Xe

Figure 2.2– Schematic of vacuum and gas system of main experimental setup.

2.2

Irradiation systems

Two high power laser systems were used in this thesis, a laser system derived from a Starlase
AO16 (called AO16 in this work) and a Rigel i1600. Both systems are based on a Nd:YAG
diode pumped solid state laser, with an equivalent optical layout and hence also share very
similar operational parameters. A difference between the systems was the larger operational
frequency range of the AO16 system down to 6 kHz while the Rigel i1600 was optimized
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for an operation frequency of > 8 kHz. The laser focus of the AO16 system was characterized in the work of Giovannini109 while the laser focus characterization of the Rigel system
was performed by Marco M. Weber in the course of his doctorate. Both focus characterizations are presented here briefly in section 2.2.1.

2.2.1

Laser characterization

2.2.1.1

AO16 characterization

The laser focus characterization for the focusing optics used in combination with the AO16
system was presented in detail in the work of Giovannini.109 The focus spot was quantified
using a CCD and the laser power was attenuated with four non-polarising beam attenuators, reflecting 1% of the laser intensity. The laser characterization was performed at a laser
frequency of 6 kHz under maximum laser power. The laser intensity profile at laser focus
is shown in Figure 2.3 (a). A sectional representation of the laser intensity profile including
the Gaussian approximation are presented in Figure 2.3 (b).

(a)

(b)

Figure 2.3– Laser intensity profile at laser focus (a) and Gaussian profile approximation at laser
focus (b), reprinted from Giovannini.109

The AO16 profile was characterized based on the FWHM of the laser profile. Here, the
FWHM of the Gaussian laser profile approximation resulted in a FWHM of 𝐷𝐷0 = 84 µm.
What needs to be pointed out here, the wings of the laser profile still contain energy which
is not considered in this analysis.
25

2.2 Irradiation systems

2.2.1.2

Rigel i1600 characterization

The laser focus characterization for the here used focusing system used in combination with
the Rigel i1600 was performed by Marco M. Weber in the course of his doctorate. To
attenuate the beam below the damage threshold of the beam profiler, a Brewster window,
a half wave plate, a second Brewster window and a 1/10 beam splitter were placed in front
of the laser head in combination with neutral density filters. The laser depth of focus is
calculated in 𝑦𝑦-direction from the second moment beam width (𝐷𝐷4𝜎𝜎). The second moment
beam width are defined in the DIN EN ISO 11146-2 as follows for the 𝑥𝑥-direction
1⁄ 2

∬(𝑥𝑥 − 𝑋𝑋)2 𝐻𝐻(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
𝐷𝐷4𝜎𝜎𝑥𝑥 = 4 �
�
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,
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and in 𝑧𝑧-direction as
∬(𝑧𝑧 − 𝑍𝑍)2 𝐻𝐻(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
𝐷𝐷4𝜎𝜎𝑧𝑧 = 4 �
�
∬ 𝐻𝐻(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

1⁄ 2

.

(2.2)

Here 𝐻𝐻(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) is the laser energy density distribution, (𝑥𝑥 − 𝑋𝑋) and (𝑧𝑧 − 𝑍𝑍) are the distances to the centroid coordinates 𝑋𝑋 and 𝑍𝑍. For an ideal Gaussian profile the 1/e2 value is
identical with the 𝐷𝐷4𝜎𝜎 value.116 Thus the laser focus is defined at the position where 1/e2
value converges with the 𝐷𝐷4𝜎𝜎 value. The laser intensity profile at said position is shown in
Figure 2.4 (a) in combination with the Gaussian approximation in Figure 2.4 (b).

(a)

(b)

Figure 2.4– Laser intensity profile at laser focus (a) and Gaussian profile approximation at laser
focus (b).
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Evidently, the measurement data fits the Gaussian profile more accurately than in the AO16
case, which could be caused by a reduction of the aberrations of the focusing system. The
FWHM of the Gaussian laser profile approximation resulted in a FWHM of 𝐷𝐷0 = 84 µm.
Temporally, the laser pulse was measured for both systems with a fast photodiode and a
digitizer measurement card at 1 GS/s. The rising edge of the temporal laser profile matches
the laser within the first 65 ns of the laser profile. An example of the temporal laser profile
is shown in Figure 2.5 for a laser operating frequency of 11.7 kHz.

Figure 2.5– Laser pulse time profile at a laser frequency of fL = 11.2 kHz. The solid curve
represents the signal detected by the installed photodiode and the grey dashed line represents is
the fitted Gaussian profile.

2.2.1.3

Overview operational parameters

Within this thesis, three operational frequencies were considered, an overview of the operational points is shown in Table 1.
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Table 1: Laser operational parameter considered within this thesis.

2.3

Laser

AO16

Rigel

Rigel

𝑓𝑓𝐿𝐿 (kHz)

6

8.3

11.2

��������
𝑃𝑃𝐿𝐿 (W)

1300

1350

1390

𝐷𝐷0 at

85

84

84

𝜏𝜏𝑝𝑝 at FWHM

23.9

27.3

34

𝐼𝐼𝑝𝑝 (Wcm-2)

1.6 × 1011

1 × 1011

6.4 × 1010

𝐸𝐸𝑝𝑝 (J)

0.2

0.16

0.11

Droplet generation

The mono-dispersed droplets were generated by the droplet dispenser. For this thesis tin
droplets were used as target material. The regenerative droplet structure is formed by piezoelectrically induced breakup of a tin jet. The droplet dispenser design and operation details
are presented in the work of Rollinger and Sanders.57,117,118 The operational frequency of
the system is typically set by a multiple of the droplet frequency. The typical droplet diameter range is 30 – 60 µm and can be adjusted by system backpressure, nozzle size and dispenser operating frequency.
The droplet dispenser was mounted on a high dynamic two-dimensional 𝑥𝑥 − 𝑦𝑦 motion
system which is feed-back controlled with the droplet position. A brief description of the
control system is presented in the subsequent section.

2.4

Control system

The system control system can be divided into two main systems. The first system implements the automated source operation including source ramp-up, steady-state operation
and emergency shut downs. These system-relevant operational points are integrated into a
PLC system which also controls the fuel delivery, vacuum system, debris mitigation system
and relevant temperature control.119
The second (high speed) system is responsible for individual tracking of droplet position in
space and time. This integration is crucial for source operation, due to droplet variations in
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the lateral and temporal domain. Every droplet is detected in free-flight before it reaches
the laser focus position. The spatial and temporal position information is processed by a
real-time controller (RTC). The RTC uses the positioning system to position the droplet
in the focus volume. The achievable calibrated positioning and measurement accuracy of
this control system is in the range of 5 µm.120 The temporal information of droplet can be
computed by two laser sheets positioned vertically above the laser focus. The temporal information of every individual droplet is used to trigger the laser pulse.
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Chapter 3
3.1

Instrumentation and diagnostics

Radiation diagnostics

Two types of EUV sensors were developed and used in this work. The first EUV sensor is
based on a coated EUV sensitive diode without a ML mirror; the second sensor, called EUV
energy monitor (E-mon), uses a freestanding EUV transmitting filter and a ML mirror.
Both sensors were developed and integrated in the course of this work and are presented in
this section.
Aside from EUV emission, visible emission (200 - 900 nm) was measured by means of a
commercially available intensified CCD camera.

3.1.1

EUV energy monitor

The energy monitor for measuring EUV photons was developed over the course of this
research. Its mechanical design was inspired by the Flying Circus 2 EUV energy monitor.121
Optically, the E-mon consists of four main components listed in the downstream direction:
an EUV reflecting multi-layer mirror, a thin-film zirconium filter, a photo-diode sensitive
in the EUV emission spectrum, and a solid-angle defining aperture. To house these optical
components, a mechanical design was developed to fulfil the following functional requirements:
(1) Mounting of optical components
(2) Optical component alignment
(3) Long-term system operation
(4) Simple optical component replacement and serviceability
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3.1.1.1

E-mon design

To be able to satisfy these functional requirements the mechanical design consisted of
mainly four mechanical sub-assemblies including the E-mon main body which functions as
a mount for the three sub-assemblies including the photo-diode assembly, the mirror assembly and the front plate assembly. The sub-assemblies are precision machined to within
careful tolerances to allow a pinned design for simple un- and remounting without compromising the optical alignment. The entire housing is manufactured from a low-carbon
stainless steel to minimize carbon contamination effects on the sensitive multilayer mirror.
The concentricity deviation of the stepper drive is sufficiently low to keep the power variations on the photo-diode within 1%. The lubrication of the moving stepper drive components does not contain hydro-carbons and is high-vacuum compatible to ensure low volatility. During long-term light source operation or in a minimized debris mitigation setting,
the EUV reflecting surfaces erode or get coated by plasma debris, resulting in reflectivity
reduction. This degrades an initially calibrated ML mirror, resulting in ML mirror reflectance reduction. A rotation system was implemented, with which up to four mirror positions can be used. The movement stage also includes an end switch for initialising the mirror
position. The integrated ML mirror is a calibrated molybdenum/silicon ML mirror with a
peak reflectivity of around 13.52 nm and a maximum reflectivity of 𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 > 67%. The
reflectivity of the mirror is shown in Figure 3.2. Angular position and alignment of the ML
mirror can be manually adjusted and locked to align the EUV beam with the EUV sensitive
photo-diode.
The photo-diode assembly, shown in Figure 3.1 (a), includes the zirconium thin-film which
allows for the measurement of EUV light with a bandwidth of 2% in combination with the
ML mirror. The solid-angle defining orifice (~7.2 × 10−5 sr at 0.421 m) is positioned behind the thin-film Zr filter, followed by the EUV sensitive photo-diode.
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(a)

(b)

Figure 3.1– Assembled EUV energy monitor sub-component assemblies. (a) photo-diode subassembly and (b) instrument inlet assembly.

The optical reflectivity and transmission of the ML mirror and the combination of the ML
mirror and the thin-film Zr filter, respectively, are shown in Figure 3.2. The FWHM of the
mirror alone is 0.482 nm, which reduces to a FWHM of 0.48 nm (±2% bandwidth) when
including the thin-film, due to a quasi-homogeneous transmission reduction by the thinfilm filter. The photodiode assembly and the planar multilayer mirror were characterized at
Physikalisch-Technische Bundesanstalt (PTB) on the BESSY beamline within a wavelength
range of 11 nm to 18 nm.

Figure 3.2– Wavelength resolved light transmission of integrated ML mirror and ML mirror
combination with thin-film Zr filter.
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3.1.1.2

E-mon measurement circuit

The photo-diode is biased with a reverse bias voltage of 𝑈𝑈0 . The reverse bias voltage enables
an adequate temporal responsivity for nanosecond resolved measurements. The resistor 𝑅𝑅1
and the capacitance 𝐶𝐶1 help to keep the applied bias voltage constant during photon interaction with the EUV sensitive photo-diode. 𝑅𝑅𝑂𝑂 = 50 Ω is the oscilloscope internal re-

sistance.

Feedthrough
AXUV
diode

𝐶𝐶1
𝑅𝑅1
𝑈𝑈0

𝑅𝑅O

Scope

Figure 3.3– Sketch of measurement circuit for EUV energy monitor

3.1.1.3

Alignment

The front piece, shown in shown in Figure 3.1 (c), can also optionally mount a focusing
laser diode with a co-linear casing and beam, which align the energy monitor with the laser
focus volume by placing a CCD at the focus.
Before aligning the E-mon within the light source, the optical components within the energy monitor are pre-aligned on an optical bench by using a levelled laser beam. In a first
step, the laser beam is aligned collinearly with the E-mon housing by unmounting the mirror assembly. Afterwards the mirror assembly is mounted on the main body. The final mirror position is adjusted and locked with the two tilt positioners, whereby viewports can be
used to direct the levelled beam towards the centre of the photo-diode.
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3.1.2

EUV sensor

A simpler method for measuring and controlling EUV emission, which employed a broader
wavelength bandwidth and did not use an EUV reflecting mirror, was used in several measurement setups. Instead of using a sensitive free-standing Zr filter, a narrowband Si/Zr filter
(11-18 nm band-pass) was directly deposited onto the active area of the EUV sensitive photodiode. This simple integration is more rugged in design, but has the disadvantage of inducing a thermal heat load onto the photodiode. The impossibility of decoupling the thermal load from the photodiode makes the use of this simple sensor packaging problematic
for long-term measurements. The mechanical design, therefore, only incorporates three
parts: the EUV photosensitive diode with a deposited band-pass Si/Zr filter, a solid angledefining aperture, and a housing for mounting and aligning with an integrated shutter.

3.1.3

ICCD camera

To optically image the plasma evolution during laser pulse interaction with the target, an
intensified camera system with nanosecond gating capability was employed. This camera
has a wavelength spectrum ranging from 200 to 900 nm. The measurements with the ICCD
camera were performed in a collaboration with Rollinger and Gambino and was published
at SPIE.40 In order to optically resolve the visible emission in the micrometre range microscope, optics were coupled to the CCD camera. The camera and microscope optics were
calibrated with a back illuminated wire of known diameter to calculate the pixel to physical
size conversion ratio.
During source operation, a high-speed photodiode was employed to correlate the laser pulse
signal with the camera gate delay. Both signals, photon detector and camera gate output,
were acquired with a digitizer acquisition card of 8-bit resolution and a real-time sampling
capability of 2 GS/s. All signals were acquired with 50 Ω channel impedance.

3.2

Charged particle diagnostics

Two different types of charged particle detectors were developed and tested for this thesis
and will be presented in this section. The electrostatic probes were used mainly to measure
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the time-of-flight signals in the centimetre range around the plasma to derive ion kinetic
energies and ion densities. The electrostatic ion energy analyser was used to measure the ion
number and kinetic energies at representative EUV collection mirror distances.

3.2.1

Electrostatic probes

Measuring the ionic emission from a kHz operated tin droplet-based LPP source in the
centimetre range with electrostatic probes is a challenging task due to high temperature and
debris loads. Particulates such as droplet fragments, metallic vapour and ions can coat the
probe tip resulting in electrical discharges and unusable data.

3.2.1.1

Probe mechanical design

In order to perform ion measurements with electrostatic probes in this environment, we
developed a custom-made probe design. Its main purpose was to quantify ionic debris by
providing a predefined conductive surface with simple and shielded electrical connections,
which can be biased and mechanically aligned to the laser focus. The design also had to
fulfil further functional requirements, including:
(1) Thermal integrity of the probe tip in excess of 500°C
(2) Simple probe tip replacement for refurbishment without losing probe alignment
(3) The ability to protect probes from unwanted debris
In order to satisfy these requirements, the mechanical design consisted of three sub-assemblies, including a high-temperature replaceable electrostatic probe tip, the probe tip mount,
and a solenoid actuated shutter system. The mechanical probe design consisting of the
probe tip (a) and the tip mount (b) is shown in Figure 3.4. The probe tip includes a tungsten
wire with different diameters (1.1), the probe tip made of machinable ceramics (1.2), an
alumina ceramic tube (1.3), a stainless-steel insert (1.4) and the male contact (1.5). The
stainless-steel insert uses a threading to connect with the probe tip mount, thus guaranteeing simple replacement. All probe tips had the same assembled length to ensure consistent
alignment after replacement. The ceramic parts used mechanical fits to ensure alignment.
To guarantee high-temperature resistance for the probe tips, vacuum-compatible ceramic
glues were used to join the mechanical parts. The joint between the tungsten wire and the
male contact was high-temperature brazed with a vacuum-compatible silver solder.
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The probe tip mount, which remained in the vacuum chamber and was never replaced, was
also manufactured from machinable ceramics (2.1), where the female contact (2.3) is
mounted with a PEEK holder which (2.4) mechanically interconnects with the low-noise
BNC cable (2.5). The probe tip mount is finally mounted on a stainless-steel shaft (2.2),
which is used as a mount in the chamber.

(a)

(b)

Figure 3.4– Technical drawing of the electrostatic probe design. The removable probe tip (a)
and probe tip mount (b) are shown.

Since pure tungsten is difficult to machine but the conductive probe tip needs to have a
well-defined dimension, the wire was machined after complete assembly by means of electrical discharge machining (EDM) in de-ionized water. The final result of the probe tip
with the well-defined cylindrical shape can be seen in Figure 3.5.
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Figure 3.5– Microscope images of EDM machined probe tips at different magnifications

The tungsten tip dimensions were 𝐷𝐷𝑃𝑃 = 300 μm and 500 μm with a length of 𝐿𝐿𝑃𝑃 = 5

mm. These tip dimensions were chosen to comply with the theory of infinite cylinders with
𝐷𝐷𝑃𝑃 < 𝐿𝐿𝑃𝑃 . Furthermore, to operate the probes in the quasi-neutral regime, the wire diameter needed to satisfy 𝐷𝐷𝑃𝑃 > 𝜆𝜆𝐷𝐷 , where 𝜆𝜆𝐷𝐷 is the Debye length at a radial distance from
the plasma.

Figure 3.6– Image of installed electrostatic probe with retractable shutter blade.

The mechanical shutter system, shown in Figure 3.6, which was used to protect the probes
during source ramp-up and plasma setup, comprised of stainless steel blades which surrounded the probe tips and could be retracted by a lever system connected to a bi-stable
solenoid. In Figure 3.7, the experimental setup for the non-axisymmetric droplet irradiation
is shown during source operation with the symmetric probe arrangement.
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Figure 3.7 – Images of an experimental ion probe setup during operation. Six symmetrically
arranged electrostatic probes are shown including two E-mons and the EUV sensor during
source operation.

3.2.1.2

Moveable probe array

The developed probes were used in two different setups: (i) mounted individually at a fixed
radial distance from the plasma ignition point or (ii) mounted on a motorized probe array
as shown in Figure 3.8. The motorized probe array was developed in earlier work by the
author,122 and is therefore only very briefly discussed here. A detailed documentation of the
probe array is given in Gambino et al.78 The motorized probe array is able to mount six
electrostatic probes at fixed angular positions, with a separation angle of 16°. The probes
are moved with a rack/pinion drive connected to a brush-less DC motor, enabling a probe
radial range of 𝑟𝑟𝑝𝑝 = 10 to 100 mm with an accuracy of ~0.4 mm.78 The probe array assembly is shown in the Figure 3.8.
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Figure 3.8– Image of motorized probe array with six electrostatic probes.122

3.2.1.3

Probe measurement circuit

To apply a bias voltage and to acquire signals, a bias circuit was used, which was used already
in several earlier studies.78,123,124 The corresponding circuit is shown in Figure 3.9. Since the
collected current from the exposed probe can differ by orders of magnitude ranging from
µA to hundreds of mA, the resistor R2 in the circuit can be adjusted from 0 to 800 Ω. The
variable DC power supply provides a bias voltage V0 ranging from -60 to 60 V.

Probe
Plasma

𝑅𝑅2

𝐶𝐶2

𝑅𝑅O

𝑅𝑅1
𝐶𝐶1

Scope

𝑈𝑈00
V

Figure 3.9– Sketch of measurement circuit for electrostatic probe bias and acquisition.78

A capacitance 𝐶𝐶1 with 100 µF is placed in parallel to the power supply to stabilize the
supplied voltage. The resistance 𝑅𝑅1 is chosen large with 100 kΩ. The 𝑅𝑅2 𝐶𝐶2 values are
chosen to assure the time constant 𝜏𝜏 = 𝑅𝑅2 𝐶𝐶2 is smaller than the duration of the time-of-
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flight signal. This time constant also defines the response time of the circuit which is optimised for signals in the sub-microsecond to microsecond range. The resistor 𝑅𝑅𝑂𝑂 = 50 Ω
is the oscilloscope impedance value.
The measurement circuit and its temporal response to the current pulse acquired by the
probe is modelled following the approach of an earlier work by the author.122 The collected
probe current is modelled as an ideal current supply. By using Kirchoff’s current, voltage,
and Ohm’s laws, the collected probe current 𝑖𝑖𝑝𝑝 (𝑡𝑡) can be calculated from the measured
oscilloscope voltage across resistor 𝑅𝑅𝑂𝑂
𝑖𝑖𝑝𝑝 (𝑡𝑡) =

𝑑𝑑𝑢𝑢𝐶𝐶2
𝑑𝑑𝑢𝑢𝐶𝐶2
𝑑𝑑𝑢𝑢𝐶𝐶2
1
�−𝑅𝑅2 𝐶𝐶2
− 𝑅𝑅𝑂𝑂 𝐶𝐶2
+ 𝑉𝑉0 − 𝑢𝑢𝐶𝐶2 � − 𝐶𝐶2
𝑑𝑑𝑡𝑡
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑅𝑅1

(3.1)

in combination with
𝐶𝐶2

𝑑𝑑𝑢𝑢𝐶𝐶2 𝑢𝑢𝑅𝑅𝑂𝑂
=
.
𝑑𝑑𝑑𝑑
𝑅𝑅𝑂𝑂

(3.2)

Hence, from every voltage trace 𝑢𝑢𝑅𝑅𝑂𝑂 (𝑡𝑡) measured by the oscilloscope with a minimum
sampling frequency of 60 MS/s, the probe current is calculated from equation (3.2).
In order to reduce the noise contribution the presented measurement circuit was integrated
into a PCB, and the entire cabling was optimized for 50 Ω impedance.

3.2.2

Electrostatic ion energy analyser (ESA)

The electrostatic ion energy analyser (ESA) was used to measure charge-resolved ionic emission at a mirror representative distance of 𝑟𝑟𝑝𝑝 = 180 mm at a lateral angle of 𝛾𝛾 = 60° including the influence of various low pressure ambient gases.

3.2.2.1

ESA design and integration

The original mechanical ESA design stems from the work of Giovannini.109 The same 127°
spherical electrode geometry to filter ions based on the charge to mass ratio was used. In
this work however, the secondary high-vacuum chamber, secondary vacuum piping and
turbo-pump setup were redesigned including new high-voltage and signal cabling. This re-
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design was necessary for the following reasons: (i) reduction of physical footprint, (ii) improved high-vacuum compatibility thanks to increasing vacuum duct cross-sections, and
(iii), increased bias voltage difference on the electrostatic filtering unit, up to 1 kV.
The reduced footprint enabled placement of droplet camera, ESA, and two symmetrically
arranged E-mons simultaneously. The ESA was thus placed vertically in the vacuum chamber. The improved pumping used ISO 63 vacuum piping instead of DN40, thereby lowering the pressure losses to reach an absolute pressure level of 𝑝𝑝s ~2 × 10−6 mbar. The highvacuum environment enabled electrode voltages up to 1 kV and detector bias voltages up
to 3 kV without voltage breakdown.

Figure 3.10– Image of fully assembled high-vacuum chamber of ESA. The arrow indicates the
ion entry into the detector assembly.

The final custom ESA design is shown in Figure 3.10, including the ISO63 vacuum duct,
which is connected to the high vacuum pump. The opened ESA high-vacuum chamber
shown in Figure 3.11 depicts schematically the 127° spherical ion filtering section (purple)
which is followed by the charge electron multiplier detector (green). The ion filtering units
are biased with a constant voltage, creating a constant electric field between the two spherical sectors. Hence, only ions with a specific atomic mass-to-charge ratio 𝐴𝐴𝑢𝑢 ⁄𝑧𝑧 can pass the
ion filtering unit. The electrostatically biased electrodes of the ESA were swept between 0
and 1 kV. This range was larger than in the work of Giovanni72,109 and thus allowed for the
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resolution of lower charge states with high kinetic energies. The extended range is particularly important for experiments with ambient gases, in which lower-charge states, in particular Sn1+, with high kinetic energies beyond 1 keV are visible.

Figure 3.11– Images of opened vacuum chamber of electrostatic analyser. The images show the
127° spherical sector in purple, the charge electron multiplier detector in green. The orange
blocks indicate the grounded apertures. The red arrow shows the ion entry direction while the
blue arrow indicates the ISO 63 vacuum connecting duct.

The ion filtering unit had two grounded orifices mounted at the spherical sector inlet and
outlet, which also defined the accepting solid angle of the ESA. The entire filtering unit and
charge-electron multiplier were surrounded by properly grounded stainless-steel Faraday
cages to contain the generated electrical field.

Experimental setup
The experimental setup for the ESA measurements is presented in Figure 3.12. The vacuum
duct connecting the ESA chamber to the turbo-pump is shown in Figure 3.12 (a). The
EUV photon emission was monitored with two symmetrically arranged E-mons (see section
3.1.1) at 𝛾𝛾 = ±31°. The photon and ion diagnostics were mounted in the horizontal measurement plane or perpendicular to gravity, as depicted in Figure 3.12 (a). The buffer gases
were supplied through a needle valve, and the static chamber pressure 𝑝𝑝s was monitored
with two vacuum gauges during source operation. To ensure that no pressure gradients were
present within the vacuum chamber, the static pressure was measured at the focal volume
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after operation, and the measured difference was below the measurement accuracy of 15%.
The ultimate chamber base pressure of 𝑝𝑝s = 3 × 10−3 mbar is set by leakages and the
sealing purge gas of the main vacuum pump. To monitor the droplet size and placement, a
strobe system was installed perpendicular to gravity and to the laser axis.

Figure 3.12– Schematic sectional side (a) and top view (b) of the ESA experimental setup. The
EUV energy monitors were placed at 𝛾𝛾 = ± 31°. The electrostatic analyser (ESA) was positioned
at a lateral angle of 𝛾𝛾 = 60° while the droplet monitoring system was placed at 90° from the
laser axis in the horizontal plane. Sketch is not to scale.
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3.2.2.2

Ion trajectories and detector resolution

The electric field between the two spherical sectors is defined by the voltage difference of
both electrodes. Depending on the magnitude of this electric field, different ion charge-tomass ratios are able to pass the 127° spherical sector. An analytical expression of the ion
filtering and spherical ESA resolution was given by Antonsen et al125

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝑟𝑟𝑖𝑖 𝑟𝑟𝑜𝑜 −1
−1
= ∆𝑉𝑉 � − � = ∆𝑉𝑉 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑧𝑧
𝑟𝑟𝑜𝑜 𝑟𝑟𝑖𝑖

(3.3)

In this relation 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 denotes the ion kinetic energy, z the ion charge state, ∆V the voltage
difference between the two electrodes with inner and outer radius ri and ro , respectively.
With inner and outer radii of 48.8 and 60.2 mm, respectively, it follows that εideal = 0.42.
The ion energy analyser resolution is given by
∆𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝑑𝑑𝐴𝐴
=
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
(𝑟𝑟𝑚𝑚 (1 − cos ϑ) + 𝛿𝛿 sin ϑ)

(3.4)

where 𝑑𝑑𝐴𝐴 is the output aperture diameter, rm = 0.5(ri + ro ) is the mean sphere radius, δ
the distance from the third aperture after the spherical sector to the CEM detector, and ϑ
is the angle of the spherical sector. The ion filter resolution for the existing spherical sector
can then be shown to be ~3%. The ion filtering capability of the entire instrument, including a detailed SIMION simulation for this ion filtering unit (including the mounted apertures and the charge-electron multiplier), was performed in the work of Giovannini.72 The
simulation resulted in a deviation from the ideal form factor εideal , which was calculated to
be 15%, leading to a simulated form factor of εsim = 0.49. One of the shortcomings of the
ideal form factor is the assumption of a constant electrical field which is not necessarily
fulfilled but is accounted for in the SIMION simulations. The calculations performed by
Giovannini72 therefore simulate the electric potential of the entire instrument. In this thesis,
the post-processing for detecting different 𝐴𝐴𝑢𝑢 ⁄𝑧𝑧 ratios was calculated using the simulated
form factor εsim from the work from Giovannini.72
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3.2.2.3

Charge-electron multiplier detector

The ion detector used for the ESA was a charge-electron multiplier (CEM) with an anode
as detection surface (Burle 5903 Magnum). The CEM uses an active surface, generating
secondary electrons accelerated by the applied high voltage, thereby generating an electron
avalanche upon energetic particle impact. The CEM was used to amplify the ion signal in
order to measure at representative mirror distances and relevant source operating conditions. The CEM gain depends on the bias voltage 𝑉𝑉CEM , which was set to 3 kV, resulting
in a gain of 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 = 5 × 107 as given by the OEM datasheet. Besides the amplification,
the electron multiplier devices have a response function, which can be dependent on the
kinetic energy and charge state of the incoming ions. In the framework of this thesis, the
detection efficiency 𝛾𝛾CEM was calculated from the empirical relation presented by Krems,126
log(𝛾𝛾CEM )=
A + 𝐵𝐵 log(𝐸𝐸CEM )+𝐶𝐶 log(𝐸𝐸CEM )2 )+𝐷𝐷 log(𝐸𝐸CEM )3 +𝐹𝐹 log(𝐸𝐸CEM )4

(3.5)

where the empirical coefficients for tin ions were estimated by Burdt127 to be 𝐴𝐴 =
−1.233, 𝐵𝐵 = 2.217, 𝐶𝐶 = −2.094, 𝐷𝐷 = 1.427 and 𝐹𝐹 = −0.456. In this relation,
𝐸𝐸CEM = 𝐸𝐸kin + 𝐸𝐸kin,a is the kinetic energy of the ion interacting with the CEM active surface, which is higher than the initial ion kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 due to an induced acceleration
by the CEM electrostatic field. The additional kinetic energy 𝐸𝐸kin,a from the electric field
is 𝐸𝐸kin,a = 𝑧𝑧𝑧𝑧𝑉𝑉CEM , where 𝑉𝑉CEM is the CEM bias voltage, 𝑧𝑧 the incoming charge state, and
𝑒𝑒 the elementary charge. Since the anode is coupled to the CEM, the measured signal is
the current generated by the electron avalanche. This measured current is proportional to
the incoming ion signal; the corresponding ion current calculation, including the ion energy
distribution, is presented in the subsequent subsection.

3.2.2.4

Data analysis

The collected current from the anode is measured across a 210 Ω resistor on the oscilloscope

to improve the signal-to-noise ratio. A sample of unfiltered but inverted time-of-flight sig-

nals for one ESA electrode bias setting are shown in Figure 3.13. Around 102 TOF traces
are shown where four tin charge states are visible. The unidentified peaks between 2 and 4
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μs are caused by elemental impurities. An alternative way to illustrate different ion contri-

butions involves the transformation from the time-of-flight signals to relative atomic mass
𝐴𝐴𝑢𝑢 over charge 𝑧𝑧, given by

𝑒𝑒𝑟𝑟p,CEM 𝐸𝐸 TOF 2
𝐴𝐴𝑢𝑢
=
�
� ,
z
u
rm

(3.6)

where 𝑟𝑟p,CEM is the projected radial distance of the CEM detector to the laser focus, 𝐸𝐸 is
the transverse electric field within the analyser, 𝑢𝑢 is the atomic mass unit and TOF is the
time-of-flight. To correlate the measured electron current with the charge-specific incident
ions 𝑑𝑑𝑁𝑁𝑧𝑧 ⁄𝑑𝑑𝑑𝑑 interacting with the active surface of the CEM, the following relation was
proposed by Woryna128
𝑑𝑑𝑁𝑁𝑧𝑧
|𝑈𝑈𝑧𝑧 (𝑡𝑡)|
|𝐼𝐼𝑧𝑧 (𝑡𝑡)|
=
=
,
𝑑𝑑𝑑𝑑
e𝛾𝛾CEM 𝑅𝑅𝑂𝑂 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 e𝛾𝛾CEM 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶

(3.7)

where 𝑈𝑈𝑧𝑧 (𝑡𝑡) and 𝐼𝐼𝑧𝑧 (𝑡𝑡) are the measured time-dependent and charge-specific scope voltage
and the resulting current across the scope internal resistor 𝑅𝑅𝑂𝑂 , respectively, and 𝐺𝐺CEM is
the CEM gain mentioned above.
From 𝑈𝑈𝑧𝑧 (𝑡𝑡), an envelope in the time domain is generated. The ion energy distribution
𝑑𝑑𝑁𝑁𝑧𝑧 ⁄𝑑𝑑𝐸𝐸kin can then be calculated by transformation, resulting in
𝑟𝑟p,CEM 𝑈𝑈𝑧𝑧 (𝑡𝑡)
𝑟𝑟p,CEM 𝐼𝐼𝑧𝑧 (𝑡𝑡)
𝑑𝑑𝑁𝑁𝑧𝑧
=
=
,
𝑑𝑑𝐸𝐸kin
e𝛾𝛾CEM 𝑅𝑅𝑂𝑂 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 (2𝐸𝐸kin )3⁄2 e𝛾𝛾CEM 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 (2𝐸𝐸kin )3⁄2

(3.8)

2

where 𝐸𝐸kin = 𝑚𝑚2𝑖𝑖 𝑣𝑣𝑖𝑖 is the particle kinetic energy. The velocity 𝑣𝑣𝑖𝑖 is the particle time-offlight divided by the projected radial distance 𝑟𝑟p,CEM .
By integrating the charge-specific ion energy distribution d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 in the kinetic energy
space one obtains the charge-specific number of ions reaching the detector:
𝑁𝑁𝑧𝑧 = �
0

∞

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 (𝑠𝑠𝑠𝑠−1 )
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

(3.9)
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Figure 3.13– Inverted raw charge-electron multiplier (CEM) signal collected by the CEM anode. The time-of-flight is shown for different tin charge contributions measured with the electrostatic analyser at a helium background pressure of 𝑝𝑝s ~2 × 10−2 mbar and an electrode bias
voltage of 𝑈𝑈B = 60 V.

̅
The charge-specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
weighted by the ion distribution is can be
calculated from:
∞

̅
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
=

∫ 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
0

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧 𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
(𝑒𝑒𝑒𝑒 )
𝑁𝑁𝑧𝑧

(3.10)

The error propagation calculation uses the partial derivative method presented by Holman.129 If the variable ℎ is a function of the independent variables 𝑥𝑥1 , 𝑥𝑥2 , … 𝑥𝑥𝑛𝑛 , and the
uncertainties for the independent variables are 𝑤𝑤1 , 𝑤𝑤2 , … 𝑤𝑤𝑛𝑛 , then the resulting uncertainty ∆ℎ is
n

1

2 2
∂h
∆h = �� �
𝑤𝑤𝑖𝑖 � �
∂𝑥𝑥𝑖𝑖
i=1

48

(3.11)

Instrumentation and diagnostics

The error calculation considers the sample standard deviation in time-of-flight and signal
amplitude 𝑈𝑈𝑧𝑧 (𝑡𝑡) of the raw CEM signals shown in Figure 3.13. The uncertainty ∆h is
shown using error bars in the corresponding plots.

3.3

Aerodynamic probe

In order to measure the local pressure and the flow field in the rarefied regime, an aerodynamic probe was used in combination with a vacuum pressure gauge. The vacuum pressure
gauge, which allowed absolute pressure measurements, was a wide-range gauge. In the studies conducted, the flow field was quantified without considering the effects of the plasma
on the flow field. An aerodynamic four-hole probe (4-HP) design was developed in collaboration with the LEC instrumentation group and used to quantify the low-density flow
within the vacuum chamber.

3.3.1

Probe design and principle

The basis of this 4-HP design was the seven-hole probe design which was developed by
Mansour et al.130 for measuring a low dynamic head of a wind turbine flow field. This 4HP can measure static pressure as well as pitch angles with flow angles up to ±30° in each
direction. By reducing the number of pressure sensors from seven to four, the probe size
could be minimized to a probe diameter of 5 mm to reduce blockage effects. The probe tip
is shown in Figure 3.15 (a). The pressure sensor initially proposed for the 4-HP had to be
changed as well in order to enable measurements of a pressure < 5 Pa.
A schematic of the general measurement setup is shown in Figure 3.14. The 4-HP tip shown
on the left has four openings, physically connected with tubes to four separate pressure
transduces from measurement specialtiesTM. Since only relative pressure can be measured
with these transducers, the back side is connected to an absolute wide-range gauge (WRG),
which allows for the measurement of absolute pressure. The differential PCB-mounted
CMOS transducer integrates a 14-bit A/D converter and a 12-bit D/A converter, as well as
a temperature compensation. The nominal operational range is defined to be 5 mbar with
an accuracy of ±1.25 Pa. The accuracy is defined as the maximum deviation from the bestfit straight line fitted to the measurement output plotted against the pressure range at 25°C,
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therefore including all errors due to pressure nonlinearity, hysteresis, and non-repeatability.131

3

2
1
4

Figure 3.14– Schematic of four-hole probe (4-HP) measurement setup. Shown on the left side
is the bore hole pattern connected to the pressure transducers with bore hole 4 directed towards
negative z-direction in-line with gravity and sensor 2 and 3 facing upwards.

The integration of the PCB-mounted pressure transducers, including the 24-bit A/D converter, microcontroller, and Bluetooth transmitter, is shown in Figure 3.15 (b). The 4-HP
and the PCB board were mounted inside the vacuum vessel during flow characterisation.
An important difference in comparison with measurements under ambient conditions is
the necessary time for reaching thermal equilibrium due to non-existent convection and
adequate pump-down. Thermal equilibrium of sensor and PCB was reached after twenty
minutes of PCB operation. To assure adequate pump-down of tubing and auxiliaries prior
to the flow measurements, the vacuum system was evacuated at least one hour in advance.131
The 4-HP was traversed with a linear drive with a repeatability of ±500 µm. The measured
relative pressure was sampled with a sampling frequency of 20 S/s, since high-frequency
flow components could not be resolved due to obstruction by the tubing between the 4-HP
and the pressure transducer.
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(b)

(a)

Figure 3.15– (a) Aerodynamic 4-HP tip and (b) integrated pressure sensors on PCB.

The 4-HP was calibrated in the vertical nozzle Freejet facility132 under atmospheric conditions for flow pitch and yaw angle as well as total and static pressure for low Mach numbers
at a minimum of 𝑀𝑀𝑀𝑀 = 0.07. This calibration represents an uncertainty for the introduced
aerodynamic probe, since the probe calibration was performed under atmospheric conditions while the probe is used under rarefied conditions. The corresponding calibration coefficients 𝐾𝐾𝑠𝑠 , 𝐾𝐾𝑡𝑡 , 𝐾𝐾𝜑𝜑 and 𝐾𝐾𝛾𝛾 for calculating the total pressure 𝑝𝑝𝑡𝑡 , the static pressure 𝑝𝑝𝑠𝑠 , as
well as flow pitch and yaw angles are documented in the work of Gallman.131

3.3.2

Post-processing of aerodynamic probe data

By introducing Laval type nozzles, supersonic velocities are achievable. The expansion velocities of the source operating range in question typically drop to subsonic speeds within
less than 100 nozzle throat heights. Since the performed experimental flow measurements
focus on the far field in the centimetre range only subsonic flows were considered. In addition, the following assumptions were made to characterize the rarefied flow field:
1. Compressible fluid
2. Isentropic conditions
3. Isothermal temperature conditions in measurement range
4. Ideal gas behaviour
High subsonic Mach numbers are reached within the vacuum chamber and compressibility
effects thus play a role. The assumption of constant temperature across the measurement
51

3.3 Aerodynamic probe

range was validated experimentally, where the static temperature was measured upstream
and downstream the Laval nozzle expansion at the buffer gas inlet close to the laser focus
and the manifold inlet. The static temperatures ranged from 21.9 °C nozzle upstream to
19.1 °C downstream.131 Hence, the assumption of an isothermal flow was considered a
reasonable approximation. Given the aforementioned assumptions (1 – 4), including subsonic flows, the following equations were applied to derive flow quantities from the measured local static and total pressure 𝑝𝑝𝑠𝑠 and 𝑝𝑝𝑡𝑡 :
𝜅𝜅

𝜅𝜅−1
𝑝𝑝𝑡𝑡
𝜅𝜅 − 1
= �1 +
Ma2 �
𝑝𝑝𝑠𝑠
2
1

𝑢𝑢 = Ma(𝜅𝜅𝑅𝑅𝑆𝑆 𝑇𝑇𝑠𝑠 )2
𝜌𝜌 =

𝑝𝑝𝑠𝑠
𝑅𝑅𝑆𝑆 𝑇𝑇𝑠𝑠

(3.12)
(3.13)
(3.14)

Here, 𝜅𝜅 denotes the isentropic gas exponent, Ma is the flow Mach number, RS is the specific gas constant, 𝑇𝑇𝑠𝑠 is the static temperature and 𝜌𝜌 is the local gas density. The flow pitch
𝜑𝜑𝑝𝑝 and yaw angle 𝛾𝛾𝑦𝑦 can be calculated with the calibration coefficients. Flow pitch and yaw
can be used to calculate the velocity vector components of the flow velocity 𝑢𝑢⃗. Besides these
flow properties the Reynolds number Re and the Knudsen number Kn are defined as,

Re =

𝜚𝜚𝜚𝜚
𝑢𝑢𝑢𝑢
𝐿𝐿 =
𝜂𝜂
𝜈𝜈

(3.15)

𝜆𝜆𝑎𝑎,𝑎𝑎
𝐿𝐿

(3.16)

Kn =

where 𝜂𝜂 and ν are dynamic and kinematic viscosity, 𝜆𝜆𝑎𝑎,𝑎𝑎 is the mean free path of gas atomatom collisions, and 𝐿𝐿 is the flow characteristic length scale. The Mach number correlates
the Knudsen number with the Reynolds number as Re= Ma⁄Kn. The Knudsen number is
used to define the degree of rarefaction. With increasing Knudsen number, the collective
behaviour of gas flows attenuates and the microscopic behaviour of particle interaction starts
to play a role. Therefore, continuum models are also inadequate for describing low density
gas flows. An overview of the different Knudsen number regimes is provided below.
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Figure 3.16– Overview of gas flow regimes for different degree of rarefaction. Continuum flow
(𝐾𝐾𝐾𝐾 < 0.01), Slip flow (0.01 < 𝐾𝐾𝐾𝐾 < 0.1), Transitional flow (0.1 < 𝐾𝐾𝐾𝐾 < 1.0) and free
molecular flow (𝐾𝐾𝐾𝐾 > 10).

The background gas flow velocity is on the order of several hundred metres per second and
is therefore considered low for atomic particles. Thus, the velocity dependence of the particle mean free path can be neglected and the gas atom-atom mean free path can be calculated from a hard-sphere (HS) approximation,
𝑘𝑘𝐵𝐵 𝑇𝑇𝑠𝑠
,
2𝜋𝜋𝐷𝐷2𝑘𝑘𝑘𝑘𝑘𝑘 𝑝𝑝𝑠𝑠

𝜆𝜆𝑎𝑎,𝑎𝑎 = √

(3.17)

where 𝐷𝐷𝑘𝑘𝑘𝑘𝑘𝑘 denotes the gas kinetic diameter.

3.4

Sample exposure

Besides in situ debris measurements by detectors and diagnostics, post exposure analyses of
exposed samples can also be performed to assess the debris emission and its effects on sample
surfaces. In this work, two types of samples, namely polished silicon and ruthenium, were
exposed to the plasma source. Uncapped ML mirrors typically have silicon as the last layer
material, thus making it a representative material for performing sample exposure studies.
For capped ML mirrors, different capping layers can be chosen, one of which is ruthenium.
Both materials are conductive and can therefore be imaged using a scanning electron microscope.
The mechanical integration of the samples was altered for the different experimental setups.
One sample exposure configuration is shown in Figure 3.17. A sample wheel, shown in
Figure 3.18, is mounted onto a stepper drive, where up to eight sample positions can be
mounted in order to perform parameter studies.
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(a)

(b)

Figure 3.17– Sample exposure setup shown in closed (a) and open position (b). The rotational
solenoid is shown in (1) which actuates the shutter blade (2) and a stepper drive (3) including
an end switch for homing. (b) shows the system where the shutter blade is in its opened position
unblocking the line-of-sight to the plasma. The blue error indicates, where plasma debris enters.

All setups had one thing in common: all samples were protected by a mechanical shutter
system in order to enable a system ramp-up time. The mechanical shutters were opened
once the integrated EUV level, measured either on the EUV sensor or the EUV energy
monitor, reached representative emission levels. Given the fact that a mechanical shutter
was used to expose the samples, the shutter opening time of around 250 − 500 ms defines
the minimum pulse number uncertainty of the sample exposure system.

Figure 3.18– Sample wheel with mounted silicon sample pre-exposure.
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Besides the sample wheel sample exposure, fixed sample placement was also performed,
where 1” or 10 × 10 mm samples were exposed in normal or grazing incidence configuration while also being protected by a solenoid actuated shutter mechanism. Different postexposure measurements were considered for the post-processing; an overview of the applied
techniques is shown in Table 2.
Table 2: Overview sample post-processing techniques performed in-house and by Zeiss.133

Measurement technique

Function

Outcome metric

Optical microscopy

Resolution of micro-

(Nikon Optiphot-150S)

metre-sized particles

Particle-area-coverage, PAC

deposition

Surface density, Sv (dPa )

White light interferometry

Surface roughness and

Surface roughness, Ra

(ZYGO NewView 5000)

coating thickness

Coating thickness

Scanning electron microscopy

Resolution of micro-

(SEM) with energy dispersive

to sub-micrometre par-

X-ray

ticle deposition and

Particle-area-coverage, PAC

(Zeiss internal)

coating

EUV reflectometry

Reflectivity measure-

(Zeiss internal)

ments

𝑑𝑑𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸 ⁄𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸

Since predominately debris particulates in the micrometre range are present, optical microscopy is a useful measurement technique. The optical microscopy images were used to calculate the particle-area-coverage (PAC). The first step in post-processing for particle-specific data processing is the generation of a binary image from the acquired image. The particle detection cut-off is set to the achievable resolution, which is diffraction-limited for
optical microscopy. An example of the image post-processing is shown in Figure 3.19.
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Figure 3.19– Example for sample image processing. The raw image shown in (a) taken by an
optical microscope and the post-processed binary image shown in (b).

The particle-area-coverage, here given in percent, is defined as the surface area of the sample
𝐴𝐴Sa measured by the microscope divided by the sum of the area occupied by 𝑛𝑛pa particles
each with a surface area 𝐴𝐴pa,𝑖𝑖 .
𝑃𝑃𝑃𝑃𝑃𝑃 =

𝑛𝑛𝑝𝑝𝑝𝑝
∑𝑖𝑖=1
𝐴𝐴𝑝𝑝𝑝𝑝,𝑖𝑖

𝐴𝐴𝑆𝑆𝑆𝑆

100

(3.18)

The particles can be classified into different shapes based on their circularity .The circularity
� P𝑖𝑖 of particle 𝑖𝑖 is defined as,
𝑅𝑅
R̂Pi = 4π

APa,i
,
C2Pi

(3.19)

where 𝐶𝐶P𝑖𝑖 is the circumference of particle 𝑖𝑖. Based on the PAC, mirror lifetime against
particle coverage can be estimated by linear extrapolation. The particle-area-coverage factor
can also be calculated as a function of particle diameter, and is called the surface density
Sv (dPa ), which is defined analogously to the PAC but is calculated for each particle diameter bin
𝑆𝑆𝑣𝑣 (𝑑𝑑𝑃𝑃𝑃𝑃 ) =
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𝑛𝑛𝑝𝑝𝑝𝑝,𝑖𝑖
∑𝑖𝑖=1
𝐴𝐴𝑝𝑝𝑝𝑝,𝑖𝑖

∆𝐴𝐴𝑆𝑆𝑆𝑆

100

(3.20)
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Chapter 4 Debris emission of droplet-based
laser produced plasma sources in lateral direction
4.1

Introduction

To decrease the high velocity debris component in the form of ions on EUV reflecting
optics for future laser-produced plasma (LPP) EUV sources it is of fundamental importance
to study the ion expansion in its temporal and spatial behaviour focusing on mass-limited
droplet targets.
The time-space domain of the ionic population is well studied for stationary slab targets,
whereas the peculiarities of the ion distribution in time and space for spherical droplet targets with limited mass is not yet fully understood. The angular distribution as a function of
distance needs to be studied to predict the ion load at typical distances representative for
EUV collectors at different lateral positions. The angular ion distribution as a function of
distance in the centimetre range is important because most of the recombination takes place
in this plasma density-temperature space for Nd:YAG irradiated targets. Another intricacy
of droplet targets is the positioning of the micrometre-sized droplets in a repeatable manner
with respect to the laser focus volume. Thus, measuring the ion dynamics simultaneously
with multiple probes avoids plasma pulse-to-pulse variations in the lateral direction around
the droplet target compared to single probe measurements and therefore resolves the ion
dynamics in the lateral direction in one measurement.
The structure of this chapter is as follows: in section 4.2, the theory relevant to this study is
presented, including electrostatic probe theory and an introduction to laser matter interaction with a simple numerical model. This is followed by the methods in section 4.3, which
comprise of the experimental set-up and the post-processing methodology. The results and
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discussion are shown in section 4.4 and 4.5. Finally, the summary of this work is presented
in section 4.6.

4.2

Theoretical background

4.2.1

Electrostatic probe theory

Electrostatic probes have the advantage of having a simple electrical and mechanical design,
consisting essentially of a cylindrical wire which is exposed to the plasma and biased with a
positive or negative potential relative to the plasma. The bias voltage 𝑉𝑉0 defines the attraction of positively charged or negatively charged particles. These kind of probes are distinguished among all other diagnostic techniques in being able to perform local measurements.134 One of the costs of the probes' simplicity, however, is associated with the plasma
boundary represented by the probe surface. Close to the probe surface, the equations governing the motion of the plasma change due to probe perturbation on the plasma expansion.
The quasi-neutrality of the plasma is not valid close to the plasma boundary. This nonneutral local region between the probe and the plasma end is called the sheath. The sheath
forms around any electrode in a plasma in case the bias voltage 𝑉𝑉0 differs from the plasma
potential 𝑉𝑉𝑃𝑃 . Since the probe electrode has a different potential than the plasma potential,
the electrons or ions distribute spatially around the electrode surface to shield the effect of
the bias voltage 𝑉𝑉0 on the plasma, thereby re-establishing quasi-neutrality.78 Furthermore,
there exists a transition layer between the neutral plasma and the sheath, called the presheath, which allows ion flux continuity. Different probe theories have been developed for
different plasma regimes in terms of density and temperature, as well as different probe
shapes (cylindrical, spherical or planar). The applicable theory is chosen based on the parameters: Mean free paths of ion-ion 𝜆𝜆𝑖𝑖,𝑖𝑖 and electron-ion 𝜆𝜆𝑒𝑒,𝑖𝑖 , Debye length 𝜆𝜆𝐷𝐷 and
sheath thickness ℎ. These parameters scale with the plasma parameters. The necessary condition for applying the collision-less thin sheath theory when evaluating the ion density
depends on the mean free paths, the probe diameter 𝐷𝐷𝑃𝑃 , and the sheath thickness as follows:
𝜆𝜆𝑖𝑖,𝑖𝑖/𝑒𝑒,𝑖𝑖 > 𝐷𝐷𝑃𝑃 ≫ ℎ
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In this relation 𝜆𝜆𝑖𝑖,𝑖𝑖 is the ion-ion and 𝜆𝜆𝑒𝑒,𝑖𝑖 the electron-ion mean free path. The Debye
length, 𝜆𝜆𝐷𝐷 in cm, is defined by
1

𝜀𝜀 𝑘𝑘 𝑇𝑇 2
𝜆𝜆𝐷𝐷 = � 0 2𝐵𝐵 𝑒𝑒 �
𝑒𝑒 𝑛𝑛𝑒𝑒

(4.2)

Here, the vacuum permittivity 𝜀𝜀0 is given in F/cm, the Boltzmann constant 𝑘𝑘𝐵𝐵 is given in
J/K, the electron charge 𝑒𝑒 is given in C, the electron temperature 𝑇𝑇𝑒𝑒 is given in eV, and the
electron density 𝑛𝑛𝑒𝑒 is given in cm-3 . By assuming a constant ion density within the sheath,
the matrix sheath thickness ℎ is estimated by135
1

2𝜀𝜀 𝑉𝑉 2
ℎ = � 0 0�
𝑒𝑒 𝑛𝑛𝑒𝑒

(4.3)

Dividing the particle velocity with the collision frequency results in the mean free path for
ion-ion collisions. Zel'dovich and Raizer136 give an estimate for the mean free path of
charged particles, where 𝑛𝑛 denotes the plasma density in cm-3 :
𝜆𝜆𝑖𝑖,𝑖𝑖 = 3.5 × 104

𝑇𝑇𝑒𝑒2 𝑒𝑒2
.
2 𝑛𝑛
𝑘𝑘𝐵𝐵

(4.4)

The mean free paths for electron-ion 𝜆𝜆𝑒𝑒,𝑖𝑖 and electron-electron 𝜆𝜆𝑒𝑒,𝑒𝑒 collisions are of the
same size but two orders of magnitude larger than for ion-ion collisions. Therefore, the ionion mean free path is calculated based on the aforementioned relation. The ion-ion mean
free path 𝜆𝜆𝑖𝑖,𝑖𝑖 at the core of the plasma, right after the laser pulse, is in the order of several
micrometres. The plasma density scales down, mainly through plasma expansion, by several
orders of magnitude within few microseconds, resulting in an increase in the mean free
path. At a plasma dimension at the scale of centimetres, the ion-ion mean free path increases
to hundreds of centimetres, justifying the collisionless assumption for the measurement
range in question. This rapid expansion after the laser pulse decreases the ion density by
several orders of magnitude, from 1019 cm-3 to 𝑛𝑛𝑖𝑖 < 1013 cm-3 , at distances larger than 2
cm from the plasma irradiation point. The temperature of the plasma, due to the recombination processes, only decreases from 30 – 40 eV during laser irradiation down to several
eV in the relevant measurement range.64,123 The sheath thickness expands with decreasing
density, up to a point where the thin sheath theory is not applicable anymore (in this case
at 𝑟𝑟𝑝𝑝 ~6 cm). For the limiting thin sheaths case for dense plasmas at distances 𝑟𝑟𝑝𝑝 < 6 cm,
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all ions impact on the probe surface, and the ion saturation current 𝐼𝐼Sat is calculated according to the following relation:
𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 ~𝛼𝛼𝑠𝑠 𝑛𝑛𝑖𝑖 𝑒𝑒𝐴𝐴𝑃𝑃 𝑣𝑣.

(4.5)

In this equation, 𝛼𝛼𝑠𝑠 𝑛𝑛 = 𝑛𝑛𝑠𝑠 is the ion density at the sheath edge, with 𝛼𝛼𝑠𝑠 ~0.5. The exact
value of 𝛼𝛼𝑠𝑠 depends on the conditions in the pre-sheath.137 𝑛𝑛𝑖𝑖 is the ion density, 𝐴𝐴𝑃𝑃 is the
probe collection surface projected onto the plasma flow direction, and 𝑣𝑣 is generally the
Bohm velocity as proposed by Chen et al.137 However, for LPP plasmas, the plasma flow
velocity is supersonic and thus greater than the Bohm velocity. For this reason, the plasma
flow velocity should be used instead of the Bohm velocity, as proposed by Doggett et al.138
The flow velocities are determined by the probe-target distance divided by the ion arrival
time from the TOF. This velocity includes a velocity drift term, which accounts for Coulomb electric fields accelerating the ions and the forward peaked expansion.41 Typical ion
flow velocities for LPPs range from 1 to 20 cm/µs, dependent on the irradiation and ambient conditions. These expansion velocities demonstrate the ion expansion introduced by
the Coulomb electric field. Only singly charged ions are considered in equation (4.5) which
represents a limiting factor for this density estimation.

4.2.2

Simple phenomenological model

The essential feature of this model is the solution of the gas-dynamic equations for density
and temperature, with the ions modelled as expanding from the laser absorption region
with the measured mean expansion velocities.139 During the laser pulse, the gas-dynamic
equation can be approximated with an isothermal model, followed by an adiabatic gasdynamic solution after the laser pulse ends.58
Within the first ns, laser irradiation is absorbed through electron excitation in the first target
surface layers. For the numerical setup, the laser pulse is assumed to start at 1% of the laser
peak power 𝑃𝑃𝑝𝑝 . Macroscopically, the initial heating process until vaporization during laser
pulse interaction with the bulk material can be described with the heat diffusion equations.
The electron excess energy decays through collisions with thermal vibrations and free electrons.140 Since the electron energy relaxation time is on the order of 10-13 s for metals, the
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optical energy can be approximated as instantaneous for ns pulse durations, and the application of the heat conduction equations is justified.141 The one-dimensional diffusion equation for homogenous absorption and bulk material with source term may be written as
∂𝑇𝑇 (𝑧𝑧′ , 𝑡𝑡)
∂2 𝑇𝑇 (𝑧𝑧′ , 𝑡𝑡)
𝛼𝛼
= 𝑎𝑎
+
𝐼𝐼(𝑡𝑡),
2
′
∂𝑡𝑡
𝜌𝜌𝑐𝑐𝑝𝑝
∂𝑧𝑧

(4.6)

where 𝑇𝑇 denotes the temperature inside the heated matter, 𝑧𝑧′ the distance from the target
surface, 𝑡𝑡 the time, and 𝑎𝑎 the thermal diffusivity, and where 𝛼𝛼, 𝜌𝜌, 𝑐𝑐𝑝𝑝 stand for the absorption
coefficient, density and heat capacity, respectively. 𝐼𝐼(𝑡𝑡) stands for the laser irradiance. The
thermal diffusivity is defined by the ratio 𝑎𝑎 = 𝑘𝑘⁄𝜌𝜌𝑐𝑐𝑝𝑝 , where 𝑘𝑘 is the thermal conductivity.
The diffusion equation was discretized with a central difference scheme and was solved
implicitly. Numerically, the laser pulse was approximated by a Gaussian profile in time,
with
𝐼𝐼(𝑡𝑡) = 𝐼𝐼0 exp �−

(𝑡𝑡 − 𝑡𝑡0 )2
� exp(−𝛼𝛼𝑎𝑎 𝑧𝑧′ ).
2
𝜎𝜎𝑡𝑡

(4.7)

Here 𝐼𝐼0 denotes the incident laser irradiance, 𝜎𝜎𝑡𝑡 is the Gaussian approximated laser pulse
standard deviation in time, 𝛼𝛼𝑎𝑎 is the linear attenuation coefficient of tin and 𝑧𝑧′ is the spatial
coordinate from the tin surface. Once the vaporization temperature is reached and the latent
heat of vaporization is overcome, a vapour front develops and expands. The laser absorption
region was calculated using a uniform temperature model of the plasma expansion during
the laser pulse in combination with the inverse bremsstrahlung absorption. Following the
solution from Singh and Narayan,58 the differential equation describing the expansion front
in the isothermal framework during laser pulse interaction is
𝑅𝑅(𝑡𝑡) �

1 𝑅𝑅 𝑑𝑑2 𝑅𝑅
𝑘𝑘 𝑇𝑇
+ 2 � = B 𝑒𝑒0 ,
𝑡𝑡 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
𝑚𝑚𝑆𝑆𝑆𝑆

(4.8)

where 𝑅𝑅(𝑡𝑡) denotes the time-dependant expanding plume radial dimension, 𝑇𝑇0 the uniform temperature during laser pulse interaction and 𝑚𝑚𝑆𝑆𝑆𝑆 the irradiated target mass. The
corresponding plasma density 𝑛𝑛 is
𝑛𝑛(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) =

21 ⁄ 2

𝑁𝑁𝑃𝑃 𝑡𝑡
𝑥𝑥2
𝑦𝑦2
𝑧𝑧2
exp
�−
−
−
�,
2𝑅𝑅(𝑡𝑡)2 2𝑅𝑅(𝑡𝑡)2 2𝑅𝑅(𝑡𝑡)2
𝜋𝜋 3⁄2 𝜏𝜏𝐿𝐿 𝑅𝑅(𝑡𝑡)3

(4.9)
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where 𝑥𝑥, 𝑦𝑦, 𝑧𝑧 are the Cartesian coordinates, 𝜏𝜏𝐿𝐿 is the laser pulse duration, and 𝑁𝑁𝑃𝑃 is the
total number of evaporated particles during laser pulse interaction with the target material.
Evidently, this model therefore assumes an isotropic radial plume expansion. The inverse
bremsstrahlung coefficient, given in SI units, is defined as142
𝛼𝛼𝜆𝜆L =

13,49
𝑛𝑛𝑒𝑒 2
ln(Λ)
1
𝑧𝑧
̅
�
�
,
2
𝜆𝜆L
𝑛𝑛𝑐𝑐 �1 − 𝑛𝑛𝑒𝑒 ⁄𝑛𝑛𝑐𝑐 𝑇𝑇 3⁄2
𝑒𝑒

(4.10)

where 𝜆𝜆𝐿𝐿 is the laser wavelength, 𝑛𝑛𝑒𝑒 the electron density, 𝑇𝑇𝑒𝑒 the electron temperature, and
ln(Λ) the Coulomb logarithm (ln(Λ) = 5 for the LPPs under consideration). Electrons
collide with ions via Coulomb collisions. One notices, the inverse bremsstrahlung coefficient 𝛼𝛼𝜆𝜆L is directly proportional to the Coulomb logarithm ln(Λ), which characterizes electron-ion collisions.143 In the scattering process the electron undergoes an elastic free-free
transition with typically small deflection angles for non-degenerate plasmas.144 The critical
density 𝑛𝑛𝑐𝑐 (𝜆𝜆L ) is145
𝑛𝑛𝑐𝑐 (cm−3 ) = 1.1 × 1021 𝜆𝜆−2
L (μm).

(4.11)

The isothermal differential equation was solved numerically with a fourth-order RungeKutta discretization scheme and a temporal resolution of 1 ps where the absorption region
was calculated as the region where 99% of the cumulated pulse energy is absorbed. The
numerical domain is axisymmetric around the y-axis. The boundary conditions for the calculation of the absorption region were based on the values proposed for the EUV dominant
region by Ando et al.146 and Burdt et al.64 as follows: 𝑛𝑛𝑒𝑒0 = 1020 cm-3 and the initial temperature 𝑇𝑇𝑒𝑒0 = 30 − 40 eV. The mean charge state of 𝑧𝑧 = 12.8 was calculated with the
collisional radiative model in its stationary limits.
The subsequent ion expansion defines the region where the plasma density is modelled as
an ellipsoid, with semi-axes of 𝑏𝑏/𝑎𝑎 = 0.8, and expanding with the local ion speed of sound
𝑐𝑐𝑠𝑠 = (𝑧𝑧𝑘𝑘B 𝑇𝑇𝑒𝑒 ⁄𝑚𝑚𝑆𝑆𝑆𝑆 )1⁄2 until it reaches a minimum velocity of 𝑎𝑎𝑃𝑃 = 0.91 cm/µs, as proposed in the work of Giovannini et al.72 The mass conservation during the whole simulation
is kept constant being equal the ablated mass 𝑚𝑚̇𝑎𝑎𝑎𝑎𝑎𝑎 . The empirical relation to calculate the
ablated mass of droplet targets was introduced by Burdt et al.:59
5⁄ 9
𝐼𝐼𝑝𝑝
𝜆𝜆𝐿𝐿 −4⁄9 3⁄8
𝑚𝑚̇𝑎𝑎𝑎𝑎𝑎𝑎 ~3 × 10 � 11
� �
�
𝑍𝑍𝑆𝑆𝑆𝑆 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 .
10 𝑊𝑊 𝑐𝑐𝑐𝑐−2
1 𝜇𝜇𝜇𝜇
3
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𝐼𝐼𝑝𝑝 is the laser peak intensity at the laser focus, 𝑍𝑍𝑆𝑆𝑆𝑆 is the atomic number of tin, and 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖
is the projected irradiated tin surface. The ablated mass in this relation is given in g/s. In
the initial stage, collisions between charged particles and neutrals are frequent, and the mean
charge state 𝑧𝑧 is established as a result of ionization and recombination processes. Once the
laser irradiation ends, the only ionization mechanism is electron impact ionization.
Through plasma cooling, the ionization rates decay rapidly and become negligible at electron temperatures 𝑇𝑇𝑒𝑒 , dropping far below the first tin ionization potential 𝐼𝐼1 = 7.34 eV.
Both ionization and recombination are modelled with the collisional-radiative model in its
stationary limit, as presented by Colombant and Tonon,147 in which the ion number density
𝑛𝑛 at charge 𝑧𝑧 is calculated as follows:
𝑛𝑛𝑧𝑧+1
𝑆𝑆(𝑧𝑧, 𝑇𝑇𝑒𝑒 )
=
𝑛𝑛𝑧𝑧
[𝛼𝛼𝑟𝑟 (𝑧𝑧 + 1, 𝑇𝑇𝑒𝑒 ) + 𝑛𝑛𝑒𝑒 𝛼𝛼3𝑏𝑏 (𝑧𝑧 + 1, 𝑇𝑇𝑒𝑒 )]

(4.13)

where 𝑆𝑆(𝑧𝑧, 𝑇𝑇𝑒𝑒 ) is the collisional ionization coefficient, 𝛼𝛼𝑟𝑟 (𝑧𝑧, 𝑇𝑇𝑒𝑒 ) is the radiative-recombination coefficient, and 𝛼𝛼3𝑏𝑏 (𝑧𝑧, 𝑇𝑇𝑒𝑒 ) is the three-body recombination coefficient. The recombination rate is strongly dependent on the density-temperature space, whereby the radiative
recombination drops faster with plasma cooling than the three-body recombination. Even9

tually, the three-body recombination dominates since it scales with 𝑇𝑇𝑒𝑒 −2 if
3 × 1019 𝑇𝑇𝑒𝑒3.75 −3
𝑛𝑛𝑒𝑒 ≫
𝑚𝑚 .
𝑧𝑧 ̅

(4.14)

Once three-body recombination dominates, the change in the mean charge rate 𝑑𝑑𝑧𝑧 ⁄̅ 𝑑𝑑𝑑𝑑 depends on the electron density 𝑛𝑛𝑒𝑒 , the mean charge state 𝑧𝑧 ̅ and the electron temperature 𝑇𝑇𝑒𝑒
as follows:136
𝑑𝑑𝑧𝑧 ̅
−9/2
= −8.75 × 10−27 𝑛𝑛2𝑒𝑒 𝑧𝑧3̅ 𝑇𝑇𝑒𝑒
𝑑𝑑𝑑𝑑

(4.15)

Recombination reduces the mean charge state 𝑧𝑧 ̅ and results in a transfer of energy, which
reduces the rate of decay in electron temperature 𝑇𝑇𝑒𝑒 . In contrast to the adiabatic case,
plasma cooling is slower if energy release through recombination is considered. The energy
balance considers the increase in internal energy from recombination, which contributes to
the expansion work. The energy balance considering the gain in energy 𝐸𝐸 ∗ from the recombination is given by:136,148
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑧𝑧 ̅
𝑑𝑑𝑑𝑑
+ 𝑝𝑝 = −𝐸𝐸 ∗
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
1/6

(4.16)
1/12

with 𝐸𝐸 ∗ = 1.1 × 10−3 𝑧𝑧2/3
̅ 𝑛𝑛𝑒𝑒 𝑇𝑇𝑒𝑒

(4.17)

Here, 𝜀𝜀 = 3/2(1 + 𝑧𝑧)𝑘𝑘𝐵𝐵 𝑇𝑇 denotes the internal energy, 𝑝𝑝 = (1 + 𝑧𝑧)𝑘𝑘𝐵𝐵 𝑇𝑇 the pressure in
the plasma, 𝑣𝑣 = 1/𝑁𝑁 the specific volume, and 𝑁𝑁 the number of particles. A similar numerical model was introduced in the work of Giovannini et al.72 In this study, the implemented model supports the experimental ion data and qualitatively explains the plasma
expansion, including the plasma rarefaction, cooling, and recombination processes in the
centimetre range.

4.3

Methods

4.3.1

Experimental setups

The plasma creation took place in a rectangular vacuum chamber, schematically represented
in Figure 4.1, in an argon background gas with a static pressure 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar. A
droplet dispenser mounted vertically above the laser focus on a motion stage dispensed the
droplet target as shown in Figure 4.1 (a). The regenerative targets from the droplet dispenser
were highly coherent, monodispersed tin droplets created by the breakup of a tin jet by
means of an actuated excitation system. The tin droplets had an average diameter of 60 μm,

with a typical measurement uncertainty of ±3%.57 The position of the droplets with respect
to the laser focal volume was controlled with a motion control system. This motion system
uses optical sensors and real time controllers to detect the droplet position in space, to compensate for spatial droplet instabilities in the horizontal plane (lateral instabilities). The spatial resolution in the horizontal plane attainable with this control system is ±5 µm.149 The
positioning of the tin droplet perpendicular to the laser axis was implemented with a laser
trigger system. The achievable temporal resolution is of ±1 µs. The laser beam line was sent
into the vacuum chamber through a lens tube with a plano-convex lens, depicted in Figure
4.1 (b). The Gaussian approximated beam diameter at the focus was ~85 µm full width at
half maximum (FWHM). The AO16 Nd:YAG laser was used and operated at a frequency
of 6 kHz.
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Figure 4.1– Schematic lateral (a) and top sectional view (b) of the lateral ion expansion experimental setup. The sketches show the electrostatic probe array at its minimum and maximum
retracted (dashed representation) positions at 1.5 and 7 cm respectively. The silicon samples
were installed in the right hemi-sphere of the vacuum chamber. In the right corner the coordinate system is shown for the lateral and top views, with the plasma ignition point at the origin
and 𝑟𝑟𝑃𝑃 denoting the radial distance from the plasma, 𝜙𝜙 denoting the azimuthal angle with the
droplet train (vertical axis) as its origin and 𝛾𝛾 denoting the lateral angle with the laser axis as its
origin.
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The peak irradiance at the laser focus spot (FWHM) was ~1.6 × 1011 W/cm2, with a pulse
energy of 𝐸𝐸p ~ 0.2 J and a pulse duration at FWHM of 𝜏𝜏p = 23.9 ns. The pulse-to-pulse
variation of the laser pulse peak power was measured to be within 𝜎𝜎𝐿𝐿 < 1.9 %. Each laser
pulse was detected by a high-speed photodetector located outside the vacuum vessel, allowing it to temporally synchronize the acquired ion and EUV signals. The EUV signals were
acquired with a sensor placed inside the vacuum chamber at a distance 𝑟𝑟𝑝𝑝 of 50 cm and a
lateral angle of 𝛾𝛾 = 75.2° within the horizontal plane, as represented schematically in Figure
4.1 (b).
The EUV sensor consisted of a photodiode with a band-pass filter measuring 11 to 18 nm,
including an aperture, as introduced in section 3.1.2. The diode creates a photocurrent,
which results in a voltage pulse when measured across a resistor. This voltage signal was
post-processed by a fast integrator chip for each plasma allowing correlation with the ion
signals.
The ions were analysed with a hemispherical electrostatic probe array detector, as presented
in section 3.2.1.2. The probe array is arranged symmetrically around the plasma in the
vacuum chamber, with a negative azimuthal angle 𝜙𝜙 = 112.5°. The six electrostatic probes
span a lateral angular range of 𝛾𝛾 from 50° to 130°, with a separation angle of 16°. The
electrostatic probe design was introduced in section 3.2.1. The tungsten tip dimensions are
𝐷𝐷𝑃𝑃 = 0.03 cm and 𝐿𝐿𝑃𝑃 = 0.5 cm in diameter and length, respectively. In this case, the
theory of infinite cylinders is applicable, since the probe radius 𝐷𝐷𝑃𝑃 ≪ 𝐿𝐿. The diameter of
the probe was chosen to satisfy 𝐷𝐷𝑃𝑃 > 𝜆𝜆𝐷𝐷 in order to operate the probes in the quasi-neutral
density regime. The ion probes were electrically isolated from the chamber at saturation in
the electron-repelling regime with a negative 𝑉𝑉0 = 30 V bias charge. The bias voltage set to
operate in saturation in the electron-repelling regime was based on an earlier study.122 The
applied voltage was limited to a negative 𝑉𝑉0 = 30 V bias to avoid probe discharges as predicted by the Paschen law. Since the chamber is electrically grounded, floating means that
the probes were electrically isolated from the chamber.
Besides the ionic load, the debris load constituted by the vapour phase and the droplet
fragments was quantified using sample exposure with subsequent post-processing. Polished
silicon samples were placed at negative lateral angles of 𝛾𝛾 = 45°, 60°, 75°, 90°, 105°, 120°
and 130°, and the particle-area-coverage (PAC) was measured by means of white-light
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interferometry (WLI). The samples were exposed for ~2 × 107 pulses in a static argon atmosphere, with a background pressure 𝑝𝑝𝑠𝑠 = 1 × 10−1 mbar at a radial distance of 𝑟𝑟𝑝𝑝 ~180
mm.
The EUV, ion and photodiode signals were measured with a digitizer acquisition card with
12-Bit resolution and a real-time sampling capability of 60 MS/s. All signals were acquired
with 50 Ω channel impedance.
To optically image the plasma evolution during the interaction of the laser pulse with the
target, an intensified camera system with nanosecond gating capability was employed. This
camera has a wavelength spectrum of 200 to 900 nm. To optically resolve the visible emission in the micrometre range, microscope optics were coupled to the CCD camera. These
measurements were performed in a collaboration with Rollinger and Gambino and was
published at SPIE.40
The geometrical placement of the camera was perpendicular to the laser axis and gravity as
shown in Figure 4.2. Besides the intensified camera system, an EUV sensor was placed at
𝛾𝛾 = 75°, also in the horizontal plane, to assure repeatability between laser shots. A fast
amplified photo-detector was mounted outside the vacuum chamber to correlate the photon signals with the camera gate.
Nd:YAG
Photo-detector
EUV
sensor
ICCD
camera

Focusing
lens tube
Plasma

Microscope
optics
𝛾𝛾

𝑟𝑟𝑝𝑝

Figure 4.2 - Schematic top sectional view of the ICCD experimental measurement setup. The
ICCD camera is placed perpendicularly to the laser axis and gravity.
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4.3.2

Post-processing methodology for ion data

In this study, a statistical analysis of the collected ion current signals, or time-of-flight
(TOF) signals, was performed. For every plasma event, the six electrostatic probes were
positioned at an identical radial distance 𝑟𝑟𝑝𝑝 from the plasma irradiation point and at varying
angles 𝛾𝛾, collecting six TOF signals simultaneously with EUV and photodiode signal. As a
sample signal, the collected current signal is plotted in Figure 4.3.

Figure 4.3 - Averaged ion probe current waveforms at a radial distance 1.5 cm from the plasma
irradiation point.The waveforms are shown at the lateral angles 𝛾𝛾 = 50°, 𝛾𝛾 = 66°, 𝛾𝛾 =
82°, 𝛾𝛾 = 98°, 𝛾𝛾 = 114° and 𝛾𝛾 = 130° from the laser axis.

The TOF signals were filtered within the same EUV range with a window size of 10% to
15% of the maximum integrated EUV signal intensity. This filtering process was introduced to ensure consistent plasma properties for all evaluated probe signals at all radial
distances. The EUV and TOF signals are, in fact, still subject to fluctuations within the
spatial resolution achieved with the droplet positioning system. The EUV and ion emissions
are both expected to be sensitive to the alignment of the droplet versus the laser focus volume. For the given EUV band of 10% to 15%, the sample standard deviation for the TOF
peak current is on the order of 𝜎𝜎𝐼𝐼 ~12%, while the sample standard deviation of the temporal peak position is on the order of 𝜎𝜎𝑡𝑡 ~5%. The EUV window for the filtering was chosen
to generate a minimum sample size for each radial distance in order to ensure reliable estimates of standard deviation and a general validity of the data.129 The average sample size
for every radial position was 48 TOF signals. Subsequent to this filtering process, every
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TOF signal is post-processed and the resulting numbers averaged, leading to averaged results with a corresponding sample standard deviation. A similar methodology is used in the
work of Gambino et al. and Giovannini et al.72,78

4.4

Results

The ion dynamics were studied with an array of six electrostatic probes in the lateral expansion direction. The propagation through the time-space domain was analysed in detail for
the centimetre-microseconds range for droplet-based tin plasmas. When using an actuated
piston to break up a tin jet into a droplet train, variations in size and position are inherent.
Motion stages and triggering schemes are in place to control the positional stability of the
droplets. The plasma dynamics change depending on droplet size and position relative to
the laser focus volume. These variations lead to the requirement for a statistical analysis.
Beside the ion dynamics, the laser absorption region or initial heating zone and its temporal
evolution was studied temporally with a gated intensified charge-coupled detector (ICCD)
camera coupled to microscopic optics.

4.4.1

Experimental ion expansion results

In Figure 4.3, six TOF signals are shown for different angular positions at a radial distance
𝑟𝑟𝑝𝑝 = 1.5 cm. Secondary electron emission from the ion interaction with the metallic surface was not taken into account. The key to accounting for secondary electron emission is
the knowledge of the secondary electron emission coefficient. However, the availability of
experimental secondary electron emission coefficients (or electron yield) is poor, in particular in the low energy regime below 1 keV. At present, no experimental data on electron
yields for tin ions of various charge states (for this study mainly Sn1+ and Sn2+), with kinetic
energies in the range of the experimental measurements in this thesis, are available. The few
existing values for the low energy region suggest that secondary electron emission below <
1 keV is significantly smaller than one electron per impacting ion.150,151 For this reason, this
effect is neglected for the data presented here.
Before the main ion bulk reaches the ion-collecting probe, fast peaks are visible in the temporal range of 0 to 200 ns. The precise origin of these fast signal peaks is still not entirely
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resolved, and is the subject of ongoing discussions.97 Temporally, the very first positive peak
is almost indistinguishable from the laser photodiode signal, suggesting an interaction of
photons with the probe tip. Radiation in the EUV and UV range is emitted by the plasma.
This can cause a photoelectric effect, thus generating a visible positive peak. The first positive peak is often followed by a negative peak, which can be caused by fast electrons originating from the interaction of the laser pulse with the target material. Followed by the fast
electrons, high velocity ions are sometimes detected, indicated by a positive signal peak.
The detailed study of fast peaks with an adequate temporal resolution larger than the currently used 60 MS/s is the subject of ongoing research. Based on the methodology described
in section 4.3, the six TOF signals were post-processed at different radial distances 𝑟𝑟𝑝𝑝 from
the plasma ignition point. The ion expansion behaviour based on the position-time plots
𝑟𝑟𝑝𝑝 − 𝑡𝑡𝐴𝐴 of the ions, used to examine the velocity change as function of distance and time,
is shown in Figure 4.4. From the TOF, one can obtain the most probable arrival time 𝑡𝑡𝐴𝐴
at the ion current profile maximum.152 The error bars in Figure 4.4 depict the sample standard deviations of the averaged TOF signals. Apart from physical influence factors, such as
target properties and irradiation characteristics, measurement uncertainty is also defined by
the experimental methodology and the post-processing method. One notes that the error
bars shown in in Figure 4.4 in laser backwards direction (𝛾𝛾 > 90°) are larger in size compared to the laser forward direction (𝛾𝛾 < 90°), which can be caused by both effects. For
clarity, only the two limiting cases of 𝛾𝛾 = 50° and 𝛾𝛾 = 130° are shown, since the remaining
lateral angles lie in the range between these two limiting cases. The slope of the linear regression shown in in Figure 4.4 reveals that the ion bulk expansion velocity 𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑑𝑑𝑟𝑟𝑝𝑝 ⁄𝑑𝑑𝑡𝑡𝐴𝐴 is a single global variable which differs from the local or time-averaged ion velocity
𝑣𝑣 = 𝑟𝑟𝑝𝑝 ⁄𝑡𝑡𝐴𝐴 . Therefore, the ion bulk expansion velocities along the radial distance 𝑟𝑟𝑝𝑝 were
found to be constant within the error margin across the measurement range, as demonstrated in Figure 4.4.
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Figure 4.4 - Position-time plots of the plasma ion bulk maximum. Data points represent arrival
times of the peak of the positive ion flux from the electrostatic probes. The error bars show the
sample standard deviation of the ion bulk arrival time tA. A least square method is used to create
a linear fit of the form 𝑟𝑟𝑝𝑝 = 𝑝𝑝1 𝑡𝑡𝐴𝐴 + 𝑝𝑝2 , where the norm of the residuals is 0.31 and 0.35 for
50° and 130° respectively.

Based on the linear regression of the 𝑟𝑟𝑝𝑝 − 𝑡𝑡𝐴𝐴 plots, the bulk expansion velocities 𝑣𝑣Bulk were
evaluated for the entire lateral angular range, as demonstrated in Figure 4.5. The uncertainty analysis was based on the upper and lower bound method. The equivalent least square
method was used to create a linear fit to illustrate the velocity trend in the angular direction
in Figure 4.5. The measured bulk velocities are 2.9 cm/µs and 2.1 cm/µs for 𝛾𝛾 = 50° and
𝛾𝛾 = 130°, respectively, resulting in a velocity difference of close to 30%. The corresponding
2
range from 270 to 517 eV, with 𝑚𝑚𝑖𝑖 being the ion
kinetic energies of 𝐸𝐸Kin = 1�2 𝑚𝑚i 𝑣𝑣Bulk
mass.
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Figure 4.5– Velocity of the positive ion flux peak plotted against the angle from the laser axis.
The velocity is calculated from the slope of the linear fits in Figure 4.4. The error bars show the
uncertainty bounds, based on the upper-lower bound method, of the linear fits shown in Figure
4.4. The lower bound is given by the negative standard deviation and the upper bound is given
by the positive standard deviation, resulting in asymmetric upper and lower uncertainty bounds
𝛿𝛿𝑈𝑈 and 𝛿𝛿𝐿𝐿 . The solid line shows a linear fit of the form 𝑣𝑣Bulk = 𝑞𝑞1 𝛾𝛾 + 𝑞𝑞1 . with 𝑞𝑞1 = −8.1 × 10−3
cm/µs and 𝑞𝑞2 = 3.18 cm/µs, illustrating the velocity trend.

To study high velocity ions and their expansion behaviour, the leading edge of the TOF
signals, defined as 12% of the ion profile maximum, was studied as a function of the radial
distance 𝑟𝑟𝑝𝑝 and lateral angle 𝛾𝛾. All probes are shown in Figure 4.6, increasing in 𝛾𝛾 from left
to right.
The TOF leading edge primarily represents the initially higher charge states. For distances
𝑟𝑟𝑝𝑝 < 3 cm, the gradient, and therefore the expansion velocity, are constant within the error
margin for the entire lateral measurement range. For lateral angles 𝛾𝛾 < 82°, the leading
edge has a constant gradient within the error margin, for the complete radial measurement
range of 1.5 up to 7 cm. With increasing lateral angles 𝛾𝛾 > 82°, an inflection point becomes
apparent at a radial distance of 4 –5 cm, indicating an ion front slowdown in laser backwards direction.
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Figure 4.6– Position-time plots of the plasma ion leading edge. Data points represent arrival
times of the leading edge of the positive ion flux from the electrostatic probes at an angle that
ranges from 𝛾𝛾 = 50° to 𝛾𝛾 = 130° from the laser axis up (from left to right). The error bars show
the sample standard deviation of the measurements.

Aside from the ion expansion velocity, the integrated ion current collection with increasing
distance for different lateral positions is also studied, in order to understand the relative
importance of different charge loss mechanisms. Figure 4.7 depicts the measurement data
of the integrated positive ion current 𝑄𝑄 for the two limiting lateral cases 𝛾𝛾 = 50° and 𝛾𝛾 =
130°, along with two inverse square fits of the form 𝑄𝑄 = 𝛼𝛼𝑖𝑖 𝑟𝑟𝑝𝑝 −2 , with 𝛼𝛼50° = 425 Ccm2
and 𝛼𝛼130° = 162 Ccm2. From the analysis presented in Figure 4.7, it can be inferred that
the collected ion current is inversely proportional to the square of the distance (𝑄𝑄~𝑟𝑟𝑝𝑝 −2 )
within the error margin. The collected ion current in the laser forward and backward directions both show an inverse squared proportionality, with a larger magnitude of 𝛼𝛼130° at
𝛾𝛾 = 130°, indicating a forward peaked plasma expansion.
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Figure 4.7– Time-integrated positive ion charge collection 𝑄𝑄 at different distances. The two
limiting lateral angles, at 50° and 130° from the laser axis, are shown. The error bars are the
sample standard deviation of the measurements. Two fits of the form 𝑄𝑄 = 𝛼𝛼𝑖𝑖 𝑟𝑟𝑝𝑝 −2 are shown,
with the fit for an angle 𝛾𝛾 = 50° from the laser axis with 𝛼𝛼50° = 425 Ccm2 shown as a solid
line and the fit for an angle 𝛾𝛾 = 130° from the laser axis with 𝛼𝛼130° = 162 Ccm2 shown as a
dashed line.

The shape of the plasma is well known to also be forward peaked for slab targets, and to
follow the empirical relation 𝑄𝑄~𝐴𝐴 cos𝜍𝜍 𝛾𝛾. Here, ς represents an empirically evaluated factor
of around 0.5 for planar tin slab targets. In the present study, however, this equation is not
applicable, since mass-limited LPPs exhibit an entirely different plasma expansion for a
number of reasons, including a fully spherical expansion and smaller ablated mass.
The averaged ion profiles were normalized to study the change of the ion wave front for a
probe signal at a lateral angle of 𝛾𝛾 = 50°, as shown in Figure 4.8. The ion wave front
broadens with increasing distance. This broadening is inherently coupled to the different
ions groups with different velocities convoluted under the ion current curve depicted in
Figure 4.8.
The TOF is a convoluted representation of all ions in the time domain. The applied diagnostics allow for local measurements in the centimetre range, but not differentiation between the different charge states. The TOF signal collected by a positively charged probe
in the electron saturation region represents the sum of all positively charged particles, and
is therefore the superposition of all charge states of a plasma according to the relation153,154
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𝑄𝑄(𝑟𝑟𝑃𝑃 , 𝑡𝑡) = ��𝑄𝑄𝑧𝑧 (𝑟𝑟𝑃𝑃 , 𝑡𝑡)�
𝑧𝑧

(4.18)

where 𝑄𝑄 is the collected charge and 𝑧𝑧 relates to the charge state. In former experimental
and theoretical work and as described above, it is shown that the charge state of the ion
species correlate with their kinetic energy and thus with their expansion velocity as
well.63,64,153
To quantify this broadening process, the full-width-at-half-maximum of the ion bulk
(FWHMBulk) the normalized profiles were evaluated. The FWHM of the ion bulk at a
radial distance of 𝑟𝑟𝑝𝑝 = 7 cm is shown in Figure 4.8.

(FWHMBulk )𝑟𝑟𝑝𝑝 =7cm

Figure 4.8– Averaged normalized ion probe current waveforms at an angle 𝛾𝛾 = 50° from the
laser axis. The normalized ion probe current shown neglect photon emission peaks for a time
𝑡𝑡 < 0.5 𝜇𝜇𝜇𝜇. The waveforms are shown at different distances 𝑟𝑟𝑝𝑝 from the plasma irradiation
point at an angle 𝛾𝛾 = 50° from the laser axis.

The corresponding FWHMBulk calculation is shown in Figure 4.9. The same qualitative
trend shown in Figure 4.9 was found for the complete angular range from 50° to 130° (only
one probe was plotted for clarity). The results show a broadening of the TOF signals for
distances up to 5 cm from the plasma irradiation site. The FWHM levelled off to a constant
value for distances 𝑟𝑟𝑝𝑝 > 5 cm, indicating a constant ion waveform shape.
Hence, two phases can be distinguished: (i) the initial ion expansion phase where the local
relative velocity difference between the ion groups results in an increasing width, or
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FWHMBulk, of the TOF for radial distances 𝑟𝑟𝑝𝑝 < 5 cm and (ii) the successive ion expansion
phase where the constant FWHMBulk suggests no local relative velocity differences.

Figure 4.9– FWHM of the ion probe current waveform plotted against the distance from the
plasma irradiation point. The FWHM variation at an angle γ = 50° from the laser axis is shown
with the sample standard deviation as the error bars from the measurements.

4.4.2

Droplet fragment and neutral cluster load in lateral direc-

tion
Figure 4.10 shows the WLI characterized particle-area-coverage (PAC) of silicon samples
with no debris mitigation exposed to ~2 × 107 pulses in a static argon atmosphere with a
background pressure 𝑝𝑝𝑠𝑠 = 1 × 10−1 mbar at a radial distance of 𝑟𝑟𝑝𝑝 ~180 mm. Evidently,
the sample coverage increases exponentially with increasing lateral angle with respect to the
laser axis. Therefore, the total debris load affecting the mirror lifetime through surface coverage is, as expected dominant in the laser backwards direction, while the ion load shows
the inverse behaviour. A main contributor to surface coverage, especially in the laser backwards direction, for lateral angles 𝛾𝛾 > 90° is the combination of spatial droplet instabilities
and the resulting shift in droplet fragment propagation direction in the inverse droplet shift
direction. Since the droplet irradiation with a pulsed laser is a three-dimensional ballistic
problem, not only are lateral instabilities, but also temporally mistimed droplet irradiations
are important and contribute to the surface coverage. The droplet fragment dynamics and
their sensitivity to droplet-to-focus misalignments was already studied in detail by Hudgins
et al.79 and Reijers et al.155. Hudgins et al.79 predicted a total fragment cone angle of 80° to
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105°, with a shift main propagation direction of 1°/µm droplet shift. Therefore, the droplet
instability density distribution is expected to determine, to a large extent, the PAC gradient
with lateral angle.

Figure 4.10– Particle area coverage (PAC) of exposed silicon samples in lateral expansion direction after ~2 × 107 pulses. The measured PAC was characterized with white light interferometry.

4.4.3
4.4.3.1

Comparison of experimental results with model
Absorption of laser light in plasma

After vapour formation with subsequent expansion, the absorption region is calculated by
numerical calculation of the isothermal equation in combination with the inverse bremsstrahlung coefficient. The simulated absorption region is compared to the visible emission
captured by the ICCD camera during laser pulse interaction, as shown in Figure 4.11. All
visible emission images shown in Figure 4.11 (a) were normalized to maximum signal intensity, which appeared shortly after laser peak power at 45 ns or 6 ns after laser peak power.
The numerically evaluated laser absorption region, presented in Figure 4.11 (b), were also
normalized to peak absorption. In contrast to the visible emission, maximum laser absorption takes place at laser peak power. Temporally, the laser start was defined here to occur at
1% of laser pulse peak power 𝑃𝑃𝑝𝑝 . The temporal laser profile or normalized time-dependant
pulse power (black), including the camera gate (red), are shown in Figure 4.11 (c).
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(a)

(c)

(b)

13 ns

Nd:YAG

Nd:YAG

26 ns

39 ns

45 ns

65 ns

Figure 4.11– Projected view (a) VIS emission captured by ICCD camera119 and simulated absorption region (b) ICCD gate width of 5 ns, and experimental laser pulse profile (c) in black
with gate shown in red. Laser pulse parameters were 𝐸𝐸p ~0.18 J, 𝜏𝜏p = 27 ns with frequency of
7 kHz and a focal spot of ~85 µm FWHM.
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The time for an expanding vapour front to form was modelled one-dimensionally on the
symmetry axis and estimated to be ~8 ns after the start of the laser pulse. Shortly after, at
𝑡𝑡 = 13 ns, the ICCD captures the first visible emission, shown in the first row in Figure
4.11 (a). During the ns laser pulse interaction, emission of light in the visible spectrum
results either from continuum or line emission from excited Sn or singly ionized Sn1+ tin.
Continuum radiation, or bremsstrahlung, usually dominate line emission in the time frame
of 𝑡𝑡 < 100 ns used for this study.156,157
The modelled laser absorption region at 𝑡𝑡 = 13 ns correlates qualitatively with the VIS
imaging and has a characteristic kidney shape. The absorption kidney shape results from
the three-dimensional plume expansion with an exponential density distribution with a superposed three-dimensional Gaussian beam profile. At 26 ns, the visible emission also shows
the characteristic kidney shape, while the absorption region has an almost circular shape. At
the laser pulse peak power shown in the third row, at around 39 ns, the simulated absorption region is more strongly peaked forward than the ICCD image. The modelled absorption region would enclose the visible emission entirely. At 45 ns, the visible emission region
reaches maximum intensity while the shape remains almost constant. The calculated absorption region is strongly forward peaked and no longer correlated with the visible emission. At the end of the laser pulse at 65 ns, the visible emission intensity is reduced while
absorption is marginal.
With increasing laser power up to peak power at 39 ns, the visible emission appears to scale
with laser input power and the predicted absorption region, especially during the early expansion phase. After laser peak power is reached, the absorption region and visible emission
appear to be uncorrelated.
The simulated cumulated laser absorption region is shown in normalized form in a sectional
view in Figure 4.12. The model predicts an ellipsoidal absorption region resulting from the
superposition of the incoming laser profile (approximated by a Gaussian distribution) and
the exponential plasma density profile from the isothermal model. The centroid of the absorption region is shifted towards the incoming laser beam by around a droplet radius. The
approximated ellipsoidal region containing 99% of the absorbed laser energy has major and
minor axes of ~100 × 52 μm. This ellipsoidal region is then used as a boundary condition
for the ion expansion once the laser pulse ends.
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Figure 4.12– Sectional view of numerically calculated normalized laser absorption in plasma
around droplet target. Nd:YAG irradiation incoming from right to left with a FWHM of ~85
µm at the focus and a pulse energy of ~0.2 J with a pulse length of 𝜏𝜏p = 23.9 ns (FWHM). The
left spherical sector indicates the irradiated droplet with a diameter of ~60 µm.

It is interesting to note that part of the plasma plume expands beyond the laser focus
volume, thereby reducing the absorbed laser energy for larger lateral angles 𝛾𝛾. This observation is especially true for longer laser pulses, for which the plasma plume has enough
time to expand outside the focus volume. Therefore, the observed lower expansion velocities with increasing lateral angle are partly explained by this effect.

4.4.3.2

Plasma expansion and recombination

Aside from the absorption region, the numerical model was used to compare the experimental ion density with the numerically predicted ion density 𝑛𝑛𝑖𝑖 . Figure 4.13 shows the
measured ion number density at the minimum and maximum lateral position of 𝛾𝛾 = 50°
and 130° as a function of distance 𝑟𝑟𝑝𝑝 . The ion density is calculated from the ion saturation
current given in equation (4.5), in the limiting case of thin sheaths with plasma flow velocity
𝑣𝑣, and evaluated for radial distances 𝑟𝑟𝑝𝑝 ≤ 4 cm. For distances larger than 𝑟𝑟𝑝𝑝 > 4 cm, the
thin sheath approximation breaks down and stops being applicable.
The plasma density is modelled following the solution of the gas-dynamic equations, in
combination with the ellipsoidal ion front expansion with the ion speed of sound. The
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calculated and measured ion densities are shown in Figure 4.13, which demonstrate an
agreement within the error bars for radial distances between 1.5 and 2.5 cm. For larger
distances, the model either under-predicts or the ion number measurements over-predict
the ion number density. A potential explanation for this behaviour is the growth of the
probe sheath with distance: since the electron density decreases, the collection area is artificially increased. This increased collection area would lead to an increase in collected ion
current, resulting in an over-prediction of the ion density. The dimensionality of the measurements for the ion number density could not be replicated by the model representation.
The introduced model is based on mean ion charge states, which might under-predict the
directionality for the charge specific ion expansion present in reality.

Figure 4.13–– Ion number density plotted against the radial distance from the plasma irradiation
point. 𝑛𝑛𝑖𝑖 is calculated under the assumption of thin collision-less sheaths.134,158 The ion number
density is shown for two angles, 𝛾𝛾 = 50° and 130°, from the laser axis. The error bars show the
uncertainty bounds of the measurements evaluated with the partial derivative method based on
the uncertainties of ion current and ion bulk velocity.129

4.5

Discussion

𝑟𝑟𝑝𝑝 − 𝑡𝑡𝐴𝐴 plots were used by several authors to evaluate the influence of background gas on
the ion expansion dynamics of slab irradiated targets at typically elevated ambient pressures
in the sub-mbar to mbar range.159,160 These authors introduce two empirical models for
different pressure regimes. The shock model of the form 𝑟𝑟𝑝𝑝 = 𝑎𝑎 𝑡𝑡0.4
𝐴𝐴 is applied for static
pressures of 𝑝𝑝𝑠𝑠 ≥ 100 mTorr (1.3 × 10−1 mbar), while the drag model 𝑟𝑟𝑝𝑝 = 𝑟𝑟0 (1 −
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exp(𝛽𝛽𝑡𝑡𝐴𝐴 )) is used for even higher pressures in the mbar regime, where 𝑟𝑟0 is the stopping
distance and 𝛽𝛽 is the slowing coefficient.105,161
This study used an argon pressure of 2 × 10−2 mbar, which is an order of magnitude lower
than the pressure range usually applicable for the shock model. Hence, the influence of the
argon background gas is expected to be less pronounced. In fact, the linear expansion velocity 𝑣𝑣Bulk , presented in Figure 4.4, suggests a small influence of the argon background gas
on the ion bulk for the considered argon static pressure of 2 × 10−2 mbar. For this static
pressure, an inertial collision mean free path with 𝜆𝜆𝑎𝑎,𝑖𝑖 ~45 mm and ~37 mm was estimated
with a variable-hard sphere (VHS) model for the laser forward (𝛾𝛾 = 50°) and laser backward (𝛾𝛾 = 130°) directions, respectively. The mass ratio between the tin projectile ion 𝑚𝑚𝑃𝑃
to the argon target atom 𝑚𝑚𝑇𝑇 defines the maximum scattering angle of Θ𝑚𝑚𝑚𝑚𝑚𝑚 = 19.7°. The
corresponding maximum energy transferred within one inertial collision can be calculated,
with the relation introduced by Biersack & Haggmark162 ranging from ~66 to ~35 eV for
𝛾𝛾 = 50° and 130°, respectively. Thus, one could expect to detect an ion deceleration for
the measurement range and pressure under consideration, due to the background interaction with the expanding tin ions whereby one to two collisions with the background are
anticipated. This, however, was not confirmed by the experimental results, where a constant
bulk expansion velocity was measured at an argon background gas pressure of 𝑝𝑝𝑠𝑠 = 2 ×
10−2 mbar. Hence, it is probable that the background gas only marginally influences the
ion bulk through inertial collisions for the ambient conditions present in this experiment,
due to the expansion velocity remaining constant with increasing distance. While the ion
expansion shown in Figure 4.4 appears linear in laser forward direction a non-linear expansion is evident in laser-backward direction for radial distances smaller than 2 cm. Possible
causes can include velocity dependent recombination or high repetition rate effects.
The absolute kinetic energies increase with the lateral angle 𝛾𝛾 from 270 eV to 517 eV for
𝛾𝛾 = 50° and 130°, respectively. In terms of light source application, the measured kinetic
energies imply higher erosion rates in laser forward direction. For ruthenium, a typical capping layer for EUV collecting mirrors without active debris mitigation, sputter yields range
from 0.63 to 1.49 atoms per impacting ion, calculated with tabulated values from Matsunami et al.163
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Murakami and Basko164 calculated the asymptotic limit for kinetic energies with the quasineutral approximation to be 𝜀𝜀0 = 2𝑧𝑧𝑇𝑇𝑒𝑒0 for the ion bulk in the particular case of spherical
targets with a polytropic index 𝛾𝛾 = 4/3. Considering an initial temperature 𝑇𝑇𝑒𝑒0 = 30 −
40 𝑒𝑒𝑒𝑒 in the EUV dominant region, as proposed by Burdt et al.64, and a mean charge state
of 𝑧𝑧 = 12.8, the CR model in the stationary state147 results in asymptotic bulk expansion
velocities of 𝑣𝑣∞ = 3.5 − 4 cm/μs. The measured bulk velocities of 2 − 3 cm/μs are in
the same order of magnitude.
In addition to the evaluation of the maximum TOF value (or most probable value), which
is assumed to primarily represent singly and doubly charged tin ions, the high velocity component represented by the leading edge of the TOF signal is also presented in Figure 4.6. A
non-linear expansion was demonstrated for ions in the laser backward direction. A number
of effects can influence this behaviour, including electron transfer collisions or velocitydependent recombination processes. Charge transfer collisional cross-sections strongly depend on the initial tin projectile ion charge state, and typically have a velocity dependence
for lower charges states of 𝑧𝑧 < 4. Since no charge-resolved measurements were performed,
judging the implications of charge transfer is difficult and beyond the scope of this study.
A dedicated charge-resolved study in the context of ambient gas influence is presented in
Chapter 6.
Besides the 𝑟𝑟𝑝𝑝 − 𝑡𝑡𝐴𝐴 plots, the integrated collected ion current 𝑄𝑄 was analysed, showing an
inverse squared proportionality to the radial distance

𝑟𝑟𝑝𝑝 .

This proportionality is in agree-

ment with the collected ion current of an electrostatic probe of constant collection area,
with increasing distance in vacuum, and while neglecting the effective shape of the
plasma.160 The reverse of the recombination process is the plasma expansion, which lowers
the plasma density. The inverse squared proportionality with distance indicates that the
driving mechanism within the error margin relates to the three-dimensional plasma expansion and not to the recombination processes for the measurement range in question. The
observation of plasma expansion as the main rarefaction mechanism is in agreement with
the finding of constant bulk velocity. Tallents et al.165 and Lorusso et al.154 argue that an
increase in measured expansion velocities with increasing radial distance for measurements
with electrostatic probes are explained by the recombination of lower charge states, which
is in agreement with the measurements for a droplet target conducted in this study.
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The incoming laser photons excite the free electrons which, in turn, transfer their energy to
the ions through electron-neutral and electron-ion collisions. The ion temperature remains
below the electron temperature but eventually reaches similar magnitudes. The fast electrons are able to escape the plasma volume because of their high mobility, thereby creating
an electrostatic field between ions and electrons. A difference in expansion velocities for
different ion charge states is established, which can be attributed to space-charge effects
between fast electrons and ions, whereby a charge-selective acceleration of ions takes place.
The transfer of energy to the electrons can be explained by two mechanisms, namely threebody recombination166 and the absorption of incident laser radiation due to inverse bremsstrahlung.167 The electrons are able to transfer their thermal energy into ion kinetic energy
in a time period that is short relative to the pulse duration.153 This process is repeated several
times and is described by the scaling law 𝑊𝑊Kin = Γ𝑧𝑧𝑇𝑇e0 + 𝑇𝑇0 , where 𝑇𝑇e0 is the initial
electron temperature and Γ is the number of times the acceleration process is repeated, or
the number of times an electron loses and regains its thermal energy.
From this it follows that an approximation with shifted Maxwellian distributions appears
to have no physical meaning, since the velocities of the accelerated ions are mainly driven
by the Coulomb electric field.167 Torrisi et al.168 insert an additional term, the Coulomb
velocity, to account for the ambipolar acceleration, resulting in the shifted Maxwell-Boltzmann-Coulomb (SMBC) distribution. The Coulomb velocity depends on the charge state,
which was not measured in this study. Thus, the TOF were not fitted with an SMBC distribution, but the FWHM of the TOF was investigated to gain further insight into the
charge distribution and its variation with distance.
The profile shape change quantified by the TOF FWHM levelled off at radial distances of
𝑟𝑟𝑝𝑝 > 5 cm. A constant ion profile shape with increasing distance implies a ceasing local
relative velocity between the ion species contained within the measured ion current waveform and the FWHM. Assuming the expansion velocity scales with the ion charge state, a
constant charge state for distances larger than 5 cm could also suggest a constant charge
state. The topic of charge freeze was studied theoretically169 for slab targets and experimentally for tin170 and copper.154,171 A study presented by Burdt et al.170 on Nd:YAG irradiated
flat tin targets and showed a critical distance of less than 5.5 cm for charge freeze, which
would correlate well with the present findings. Roudskoy169 proposed a scaling law for the
critical distance until charge freeze:
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In this equation, 𝑇𝑇in relates to the initial plasma temperature after the heating stage, 𝑣𝑣 is the
ion expansion velocity, 𝜏𝜏𝐿𝐿 is the pulse duration, 𝑛𝑛c is the critical electron density and 𝐷𝐷0
is the laser focus diameter. The main message of this relation is that ions with high expansion velocities recombine at greater distances from the target than slowly moving ions. With
typical parameters for EUV emitting Nd:YAG-irradiated LPPs, the critical distance
𝐿𝐿C would be on the order of centimetres.170

4.6

Summary

Debris emission in the lateral direction from droplet-based Nd:YAG irradiated plasmas in
the kHz regime in a low vacuum argon background gas was studied. Experimentally, the
ionic expansion was assessed with an electrostatic probe array, while the neutral cluster and
fragment load were studied by exposing silicon samples.
It was found that the ion bulk expansion velocities were constant within the error margin
in the measurement range of 1.5 to 7 cm. The ion bulk expansion velocities increased, with
a reduction in lateral angle. Within the sample standard deviation, the velocity scales linearly from 2.1 cm/µs at 130° up to 2.9 cm/µs at a lateral angle of 50° relative to the laser axis.
An anisotropic ion expansion based on the leading edge of the ion profile, representing the
high-velocity ions, was shown, and for which ion velocities up to 3.5 cm/µs were measured
in the laser forward direction.
A simple phenomenological model was introduced, in which the absorption region, in combination with the solution of the gas-dynamic equation and an ellipsoidal ion front expansion calculation, was compared to the experimentally measured ion densities. This was
shown to agree for radial distances between 1.5 and 2.5 cm, with a growing deviation for
larger radial distances. The visible emission from 200 – 900 nm, as measured by an ICCD
camera, appeared to scale qualitatively with the laser absorption region during laser power
increase, up to laser peak power.
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The particle-area coverage of silicon samples was post processed with white-light interferometry after exposure of around 2 × 107 pulses without debris mitigation. The neutral
cluster and fragment load in the lateral direction showed an exponential increase in surface
coverage with increasing lateral angle relative to the laser axis.
Experimentally, a forward-peaked ion collection was shown, resulting from the measured
ion current collection. Furthermore, the ion current was found to be inversely proportional,
within the error margin, to the square with distance (𝑄𝑄 ~𝑟𝑟𝑝𝑝 −2 ), which is in agreement with
the collected current of a constant collection area electrostatic probe. The broadening of the
ion current waveform with increasing radial distance was studied, and it was observed that
the ion profile shape did not change for distances larger than 5 cm for any lateral positions.
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Chapter 5 Non-axisymmetric droplet irradiation and effects on ionic emission
5.1

Introduction

EUV sources for HVM lithography applications typically use axisymmetric EUV collection
optics to enable EUV collection angles Ω > 5 sr, which are necessary to collect, if one wishes
to maximise EUV power output to levels 𝑃𝑃EUV > 250 W.22,172 In contrast to lithography
applications, EUV sources for inspection and metrology require different key characteristics, which are mainly focused on EUV brightness and spatial and temporal stability.25,26
The present study explores the influence of intentional droplet-to-laser misalignment and
its impact on plasma dynamics and the correlation of ionic debris with EUV emission.
Understanding plasma dynamics and debris emission for non-axisymmetric droplet irradiation is important to tailor debris mitigation for non-axisymmetric EUV collector placement and for mirror lifetime calculations. For this purpose, an electrostatic probe array, an
electrostatic analyser, and two EUV energy monitors were used to resolve the emission sensitivity in the lateral direction.
The structure of this chapter includes a brief introduction into the employed methods and
the experimental setup in section 5.2, followed by the experimental results in section 5.3
with a brief discussion in section 5.4. Section 5.5 closes this chapter with a summary.
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5.2

Methods

5.2.1

Experimental setup

The measurement setup included the simultaneous measurement of six electrostatic probes
symmetrically arranged around the plasma irradiation point, schematically shown in Figure
5.1. The ion probes were electrically isolated with respect to the vacuum chamber at saturation in the electron-repelling regime with a negative 𝑉𝑉0 = 35 V bias charge. The bias
voltage set to operate in saturation in the electron-repelling regime was based on an earlier
study.122 The applied voltage was limited to a negative 35 V bias to avoid probe discharges.
Since the chamber is electrically grounded, floating means, in this context, that the probes
were electrically isolated from the chamber. The tungsten probe tip dimensions were 𝐷𝐷𝑝𝑝 =
500 µm with a length of 𝐿𝐿𝑝𝑝 = 5 mm.
The generated tin droplets were measured with a strobed camera setup positioned perpendicularly to the laser axis and gravity (not shown in the schematic view), with a maximum
frame rate of 20 frames per second. The generated tin droplets had a diameter of 𝑑𝑑𝐷𝐷 ~80
µm, with a typical uncertainty of a 3% due to image blur around the droplet edges. The
motion system, as described in section 2.4, uses optical sensors and real time controllers to
detect droplet position in space to compensate for droplet position variations in the horizontal plane (lateral instabilities). The best spatial positioning accuracy possible in the horizontal plane is ±5 μm, with a spatial measurement resolution of 5 μm.149 The droplet
position data was digitized at a sampling rate of 50 S/s. The positioning of the droplet in
the vertical direction with respect to the focal volume was implemented with a laser triggering system with a temporal resolution in the sub-microsecond range. Accounting for the
droplet vertical velocity results in a vertical positioning accuracy of around ±5 μm. The
droplets were irradiated by a pulsed Nd:YAG laser, as introduced in section 2.2. The laser
was operated at a frequency of fL ~11.2 kHz and a pulse duration of τP ~34 ns at FWHM.
The beam diameter at focus was ~84 μm FWHM, approximated by a Gaussian profile,
which translates to a laser peak intensity of 𝐼𝐼𝑝𝑝 ~64 GWcm-2 at focus. Photon emission in
the extreme-ultraviolet wavelength at a wavelength centred around 13.5 nm was acquired
with two symmetrically arranged EUV energy monitors (E-mons) (see section 3.1) positioned at a lateral angle of 𝛾𝛾 = ±60°. The vacuum chamber was filled with nitrogen gas at
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a static pressure of 𝑝𝑝s = 1 × 10−2 mbar. The ion signals were measured with a digitizer
acquisition card with 12-Bit resolution and a real-time sampling capability of 60 MS/s. All
signals were acquired with 50 Ω channel impedance. The corresponding electrostatic probe

bias circuit, including the circuit modelling, was introduced in detail in section 3.2.1.3.
The photon emission from the photo-detector and the EUV signals were measured with an
8-bit resolution digitizer card and a sampling capability of 1.25 GS/s.

Vacuum
chamber

Nd:YAG

Photo-detector
Focusing
lens tube

EUV
sensor

6 x Electrostatic
probes

2x
E-mon
Plasma
∆𝑥
Laser beam
dump

𝛾
∆𝑥

Figure 5.1 – Schematic top sectional view of the non-axisymmetric droplet irradiation experimental setup. The electrostatic probes mounted perpendicular to gravity (horizontal plane) at a
radial distance 𝑟𝑟𝑃𝑃 = 30 mm at the lateral angles 𝛾𝛾 = 90°, 75°, 31°, −31°, −75° and 90° with
the two EUV energy monitors mounted at 𝛾𝛾 = 60° and −60°. The coordinate system, with the
plasma ignition point at its origin, is shown in the right bottom corner. Superimposed is the
lateral angle 𝛾𝛾, with the laser axis at its origin and radial distance from plasma indicated by 𝑟𝑟𝑝𝑝 .

5.2.2

Post-processing methodology

The acquired ion and photon emission were averaged with a moving droplet position window of 5 μm, which is equal to the positional uncertainty. A total of around 7000 ion timeof-flight traces were acquired per probe, with an average of about 75 plasmas per position.
Fewer EUV signals were acquired, limited by the writing speed of the hard drive, with a
total number of around 4000 signals and an average of around 90 traces per position. For
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the considered lateral droplet positions, the mean and the standard deviation were calculated with an error propagation calculation based on the partial derivative method of Holman.129 For the post-processing of the electrostatic probe data, the time-averaged ion bulk
̂ , and the bulk
kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 , the time-averaged ion leading edge kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
ion density 𝑛𝑛𝑖𝑖 were calculated from the time-of-flight signals.
The time-averaged ion bulk kinetic energy 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 is calculated from the TOF signal peak as
2
̂
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = 𝑚𝑚𝑆𝑆𝑆𝑆 𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
⁄2, and the time-average leading edge kinetic energy as 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
=
2
𝑚𝑚𝑆𝑆𝑆𝑆 𝑣𝑣𝐿𝐿𝐿𝐿
⁄2. The time-averaged bulk and leading edge velocity 𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝑘𝑘 and 𝑣𝑣𝐿𝐿𝐿𝐿 are calcu-

lated from the TOF signals traces at the TOF peak and leading edge as 𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵/𝐿𝐿𝐿𝐿 = 𝑟𝑟𝑝𝑝 ⁄𝑡𝑡𝐴𝐴 ,
respectively. Due to perturbations of the collected TOF signals for the first hundred ns,
which are induced by strong photon emission, the leading edge had to be defined to be
20% of the TOF peak. The ion density 𝑛𝑛𝑖𝑖 was estimated by equation (4.5). Here, the
collected ion saturation 𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 current is used to estimate the ion density at a radial distance
of 𝑟𝑟𝑝𝑝 = 30 mm, where the thin sheath estimation is still valid. Only singly charged ions are
considered in using this relation to estimate the ion density.
In contrast to ion emission, the electron saturation region for positively biased probes is
typically not pronounced for laser-produced plasmas, and higher bias voltages are necessary
as a result. In order to make qualitative statements about the relative sensitivity of the electron emission to droplet off-set variation, the collected electron current 𝐼𝐼𝑒𝑒 for a positively
biased probe at +30 V is shown.

5.3

Experimental results

The influence of intentional droplet-to-laser focus offset and its influence on ion and electron expansion dynamics - also in combination with the EUV emission - was studied experimentally in this work. The ion expansion and electron dynamics were studied using six
symmetrically arranged electrostatic probes in combination with two axisymmetric EUV
energy monitors.
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5.3.1
5.3.1.1

Influence of target misalignment on ion emission
Ion time-of-flight

The effects of droplet-to-laser focus misalignment on ion expansion dynamics can be seen
qualitatively in Figure 5.2, where the misalignment Δ𝑥𝑥 is normalized by the droplet diameter 𝑑𝑑𝐷𝐷 . Three exemplary cases are shown for Δ𝑥𝑥 = 𝑑𝑑𝐷𝐷 ⁄2, Δ𝑥𝑥 = 0, and Δ𝑥𝑥 = −𝑑𝑑𝐷𝐷 ⁄2.
The solid lines in Figure 5.2 depict the collected time-of-flight signals from the probes in
the right hemisphere or for negative lateral angles 𝛾𝛾. The dash-dotted lines show the current
collection of the probes in the left hemisphere at positive lateral angles 𝛾𝛾.
The case of symmetric droplet irradiation is shown in Figure 5.2. (b), where the ion expansion behaves symmetrically in time and amplitude for both the left and right hemisphere.
Through intentional offset in in the direction of the 𝑥𝑥-axis, the ions start to show anisotropic expansion dynamics. By shifting the spherical target in the positive 𝑥𝑥-direction, the
time-of-flight signals captured in the right hemisphere increase in amplitude with reduced
time-of-arrival, and therefore higher expansion velocities, as shown in Figure 5.2. (a). The
inverse droplet misalignment in the negative 𝑥𝑥 direction, shown in Figure 5.2. (c), shows
the inverse behaviour.
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Figure 5.2 – Influence of droplet-to-laser focus misalignment Δ𝑥𝑥 on laterally resolved low-pass
filtered time-of-flight (TOF) signals. The TOF were collected after Nd:YAG irradiation of a 75
µm droplet target. Panel (a) shows the TOF signals misaligned by Δ𝑥𝑥~0.5𝑑𝑑𝐷𝐷 , (b) shows the
TOF signals for symmetric irradiation, and (c) shows the TOF signals with a negative droplet
misalignment of −Δ𝑥𝑥~0.5𝑑𝑑𝐷𝐷 .
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5.3.1.2

Ion kinetic energies

For clarity, EUV and ion signals measured only for negative lateral angles 𝛾𝛾 are shown for
the subsequent discussion of ion and photon emission. The total EUV and ion emission is
symmetric around the symmetry irradiation line located at Δ𝑥𝑥⁄𝑑𝑑𝐷𝐷 = 0. Figure 5.3 shows
the time-averaged ion bulk kinetic energies 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 for different lateral angels 𝛾𝛾 in combinâ
normalized to its maximum at a lateral angle
tion with the EUV emission 𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 ⁄𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸
𝛾𝛾 = −60° . For this data, the ratio of laser focus diameter 𝐷𝐷0 (FWHM) to droplet diameter
𝑑𝑑𝐷𝐷 was 𝐷𝐷0 ⁄𝑑𝑑𝐷𝐷 ~1.
By shifting the droplet in the positive 𝑥𝑥 direction, the ion bulk kinetic energies measured
at negative lateral angles increase, as already shown in the TOF variation. A positive shift
of around 0.5 droplet diameters maximises the ion kinetic energy at a lateral angle of 𝛾𝛾 =
−31°, thereby increasing the kinetic energies by around 27%. Further shifting the droplet
to around Δ𝑥𝑥~0.75𝑑𝑑𝐷𝐷 maximizes the kinetic energies at 𝛾𝛾 = −75° and 𝛾𝛾 = −90°. The
bulk kinetic energy gradient is larger for the lateral angles = −75° and 𝛾𝛾 = −90°, for which
an increase of around 60% is visible. Therefore, for droplet misalignments of Δ𝑥𝑥 > 0.6𝑑𝑑𝐷𝐷 ,
the kinetic energies for the three lateral angles appear to converge, while for symmetric
irradiation we observe a clear forward peaked ion kinetic energy as pointed out in the previous chapter. By shifting the droplet in the negative 𝑥𝑥 direction, the kinetic energies decrease for all lateral angles.
̂
normalized to its
In contrast to the bulk ion kinetic energy, EUV emission 𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 ⁄𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸
̂
maximum 𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸
shows a maximum at a droplet offset of Δ𝑥𝑥~0.18𝑑𝑑𝐷𝐷 , and therefore does
not follow the ion bulk kinetic energies. By shifting the droplet to maximize EUV emission
at 𝛾𝛾 = −60°, an increase of ~5% is observed. In an earlier work by Weber et al.32, an increase of up to 8% was measured for a lateral misalignment of ~0.2𝑑𝑑𝐷𝐷 , which agrees well
with the measurements in this study. By maximising the EUV emission at 𝛾𝛾 = −60°, the
ion bulk kinetic energies at 31° and 75° also increase, by 9% and 15% respectively.
In addition to the ion bulk kinetic energies, the kinetic energy represented by the TOF
leading edge (LE) at 20% of the TOF peak were calculated and are shown in Figure 5.4.
The leading edge representing the high kinetic energy particles scale similarly to the ion
bulk kinetic energies. The leading edge kinetic energies are also maximised at Δ𝑥𝑥~0.55 𝑑𝑑𝐷𝐷
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and Δ𝑥𝑥~0.8 𝑑𝑑𝐷𝐷 for 𝛾𝛾 = −31°and 75°/90° respectively. Charge-specific measurements in
an ambient argon atmosphere at a pressure of 𝑝𝑝𝑠𝑠 = 3 × 10−2 mbar were also performed
using an electrostatic analyser at a lateral angle of 𝛾𝛾 = 60° and a radial distance of 𝑟𝑟𝑝𝑝 =
180 mm. More results from charge-specific measurements are presented in the subsequent
chapter. The ESA uses a charge multiplying device (CEM) which is able to resolve small
ion numbers due to a signal amplification of 𝐺𝐺𝐶𝐶𝐶𝐶𝐶𝐶 = 5 × 107 . With these measurements,
where only two discrete points were measured showed, an increased sensitivity of the highest
ion kinetic energy contribution.

Figure 5.3 – Ion bulk kinetic energies Ekin as a function of droplet-to-laser focus misalignment
Δ𝑥𝑥. Different lateral angles 𝛾𝛾 = −31°, −75° and −90°, with the normalized EUV emission
̂
𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 ⁄𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸
centred around 13.5 nm at a lateral angle 𝛾𝛾 = −60°, are shown. The data points
with error bars show the experimental data sets and the line plots show the Gaussian least-square
fits.
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Figure 5.4 – Leading edge kinetic energies as a function of droplet-to-laser focus misalignment
Δ𝑥𝑥. Different lateral angles 𝛾𝛾 = −31°, −75° and −90° are shown. The data points with error
bars show the experimental data sets and the line plots show the Gaussian least-square fits.

5.3.1.3

Ion density

The measured ion density estimated by equation (4.5) with the assumption of thin sheaths
is presented in Figure 5.5 for the three lateral angles 𝛾𝛾 = −31°, −75° and −90° in combination with the normalized EUV emission at a negative lateral angle of 𝛾𝛾 = −60°. The ion
density shows an almost isotropic distribution by offsetting the droplet from the centred
irradiation. The ion density is maximised in negative lateral direction by shifting the droplet
by Δ𝑥𝑥~0.2 − 0.3 𝑑𝑑𝐷𝐷 . By further increasing the offset the ion density starts to decrease.
The propagation direction of the ion density shows only a marginal offset in comparison to
the EUV emission shown in red dot-dashed in Figure 5.5.
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Figure 5.5 – Estimated ion density ni as a function of droplet-to-laser focus misalignment Δ𝑥𝑥.
Different lateral angles 𝛾𝛾 = −31°, −75° and −90°, with the normalized EUV emission
̂
𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 ⁄𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸
centred around 13.5 nm at a lateral angle 𝛾𝛾 = −60°, are shown. The data points
with error bars show the experimental data sets and the line plots show the Gaussian least-square
fits.

The ion density remains forward-peaked, even for droplet offsets Δ𝑥𝑥 > 0.5 𝑑𝑑𝐷𝐷 , but decreases for all measured lateral angles with increasing droplet offset.

5.3.2

Influence of target misalignment on electron emission

The collected peak electron current was measured by biasing the six probes positively at a
bias voltage of +30 V and presented in Figure 5.6. The electron emission, especially in
forward direction measured with the electrostatic probe at −31° is showing a symmetric
decrease in collected charge with droplet offset. Therefore, the electrons emitted in forward
direction are not showing a directionality. This observation aligns with the higher electron
mobility in comparison with the heavy tin ions.
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Figure 5.6 – Collected peak electron current as a function of droplet-to-laser focus misalignment
Δ𝑥𝑥. The electron current was measured at a positive bias voltage of +30 V at different lateral
angles 𝛾𝛾 = −31°, −75° and −90°. The data points with error bars show the experimental data
sets and the line plots show the Gaussian least-square fits.

5.4

Discussion

By offsetting the spherical droplet target in the lateral direction, the plasma absorption and
expansion becomes fully three-dimensional. Therefore, axisymmetric boundary conditions
or geometrically self-similar solutions which are used for most model representations are
not valid in this context. The operation of droplet-based LPP light sources is inherently
coupled to variations of droplet position to laser focus volume, and is therefore an important
aspect to consider for source operation and mirror lifetime estimations, especially for nonaxisymmetric collecting surfaces.
The dominating effects governing the plasma absorption and concurrent plasma expansion
for asymmetric droplet irradiation are strongly coupled to the laser pulse duration and spatial pulse shape at the laser focus volume. In this work, the laser focus is approximated
spatially and temporally with a Gaussian profile, with a long laser pulse of τP ~34 ns
(FWHM). Longer laser pulses result in plasma dynamics that are less sensitive to droplet
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offset, since the plasma cloud has enough time to fill the laser focus volume. This was already pointed out in a preceding work by Giovannini.109 Offsetting the spherical target
implies several effects which change the plasma dynamics and ion emission characteristics.
During the first several nanoseconds, target material is ablated and initial matter expulsion
is driven by the pressure gradient and therefore mainly propagates perpendicular to the
target surface normal. By offsetting the target, the photon intensity changes on the droplet
surface. The corresponding laser intensity on the droplet surface can be described with nondimensional parameters as follows:173
𝐼𝐼(𝜃𝜃, 𝜑𝜑)~𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃 − 4 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(∆𝑥𝑥⁄𝑑𝑑𝐷𝐷 ) + (2 ∆𝑥𝑥⁄𝑑𝑑𝐷𝐷 )2
� 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃, (5.1)
√
2
2�𝐷𝐷0 ⁄𝑑𝑑𝐷𝐷 2 𝑙𝑙𝑙𝑙 2�

with 𝜃𝜃 𝜖𝜖 (− 3𝜋𝜋 ⁄2 , − 𝜋𝜋⁄2) where 𝜃𝜃𝐷𝐷 and 𝜑𝜑𝐷𝐷 are the lateral and azimuthal angles in the
droplet frame of reference, 𝐷𝐷0 is the laser focus at FWHM, and 𝐼𝐼0 is the laser peak intensity.
The laser intensity at an azimuthal angle of 𝜑𝜑 = 0 is shown in Figure 5.7 for our experimental setup, where 𝐷𝐷0 ⁄𝑑𝑑𝐷𝐷 ~1.
One can see that by offsetting the droplet from its symmetry axis, the intensity decreases on
the spherical surface, thereby increasing the time required for material ablation to occur.
Furthermore, for small ratios 𝐷𝐷0 ⁄𝑑𝑑𝐷𝐷 ≲ 1, equivalent to the present case, the integrated
energy supplied to the target is more sensitive to droplet variations than for larger 𝐷𝐷0 ⁄𝑑𝑑𝐷𝐷 <
1 ratios due to a projected area mismatch. The initial material expulsion changes its preferential direction, with a maximum following the peak of the intensity distribution on the
spherical surface. Due to a delayed material ablation and a shifted preferential material expansion direction during the first few nanoseconds of the laser pulse, the initial plasma
cloud changes its density distribution in the laser propagation direction, and hence the laser
absorption region and efficiency are also altered.
The experimentally-measured ion density changes with droplet misalignment and is therefore expected to be governed by a change in the main propagation direction, reduction in
ablated mass, and variation of plasma generation and subsequent expansion. The droplet
had to be shifted by 0.2 – 0.3 𝑑𝑑𝐷𝐷 to maximise the ion density at a lateral angle of 𝛾𝛾 =
31 – 90°, which is expected to be caused by the main mass propagation direction. By increasing the droplet offset beyond 0.2 – 0.3 𝑑𝑑𝐷𝐷 , the reduction in ablated mass and change
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in laser absorption dominate over the effect of preferential expansion direction and thus
decrease the measured ion densities.

Figure 5.7–Normalized projected laser intensity on droplet surface at zero azimuth. Different
droplet-to-laser focus misalignments ∆𝑥𝑥/𝑑𝑑𝐷𝐷 are shown increasing top to bottom in graph and
legend.

The experimentally measured ion bulk and leading edge kinetic energies show a less isotropic distribution than the measured ion densities, for which both bulk and LE increased
up to droplet misalignments of ∆𝑥𝑥 > 0.5𝑑𝑑𝐷𝐷 . The time-of-flight and the ion kinetic energy
measured by the ion probes for laser intensities relevant for EUV emitting tin plasmas in
the region of 1010 − 1011 Wcm-2 are determined by the electrostatic field induced during
plasma formation.174 This electrostatic field strength is governed by the initial plasma density profile as
𝐸𝐸 =

𝑘𝑘𝐵𝐵 𝑇𝑇𝑒𝑒
,
𝑒𝑒 𝑙𝑙𝑠𝑠

(5.2)

if 𝑙𝑙𝑠𝑠 ≫ 𝜆𝜆𝐷𝐷0 , where 𝑙𝑙𝑠𝑠 is the corona scale length and 𝜆𝜆𝐷𝐷0 the corona Debye length. For the
EUV emitting tin LPP in the experiment, 𝜆𝜆𝐷𝐷0 is in the range of 5 µm and the relation
𝑙𝑙𝑠𝑠 ≫ 𝜆𝜆𝐷𝐷0 is generally fulfilled as a result. This relation predicts an increase in electric field
strength with decreasing scale length 𝑙𝑙𝑠𝑠 while electron temperature remains constant. By
misaligning the droplet target, the plasma scale length 𝑙𝑙𝑠𝑠 is expected to decrease, and hence
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the suggested increase in field strength could result in an increase in measured kinetic energies while electron temperature remains constant. When the offset to values of the droplet
are further increased and exceed Δ𝑥𝑥 > 0.8 𝑑𝑑𝐷𝐷 , the ablated mass is not able to fill the laser
focus volume sufficiently, leading to dropping ion density and temperature and thus resulting in a decrease in measured kinetic energies. An increase of ion kinetic energy was also
documented in a numerical study of droplet-to-laser focus misalignment by Krukovskiy et
al.82 without a more detailed interpretation of the underlying physical mechanism.

5.5

Summary

The ion emission of droplet targets and their sensitivity with respect to lateral misalignments was studied experimentally using electrostatic probes. Ions were studied with the
electrostatic probes as a function of ion density 𝑛𝑛𝑖𝑖 and ion kinetic energies 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 . EUV and
ionic emission were characterized simultaneously using symmetrically arranged EUV energy
monitors and electrostatic probes.
The ion density showed an increase between 0.2 − 0.3𝑑𝑑𝐷𝐷 for a lateral range of 31° to 90°
from the laser axis, with a subsequent decrease for larger droplet offsets. The EUV emission
peaked at an offset of ~0.2𝑑𝑑𝐷𝐷 at a lateral angle of 60°. With increasing droplet offset, the
ion density emission remained peaked in the laser forward direction.
The ion bulk kinetic energy showed a more pronounced anisotropic behaviour, wherein
energies increased in the lateral expansion direction up to a droplet offset of > 0.5𝑑𝑑𝐷𝐷 for
lateral angles between 31° to 90°. Furthermore, the ion kinetic energies converged for an
angular range of 31° to 90° at a droplet offset of 0.7𝑑𝑑𝐷𝐷 . The leading edge of the time-offlight signal, representing the higher charge states of the ion trace, shows a very similar
behaviour to the ion bulk expansion.
Finally, the electron abundance was also measured, and the collected current showed a symmetric decrease with droplet offset.
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Chapter 6 Background gas effects on ionic
debris of droplet-based laser-produced plasmas
6.1

Introduction

Different mitigation approaches were developed and used utilising electromagnetic deflectors,68 buffer gas flows66 as well as combinations112 thereof to deflect or stop debris particles,
with buffer gas flows having the advantage that they act on both neutral and charged particles. The background gas flow rates and gas particle density is based on the debris load and
the EUV light transmission. Since light transmission is key for EUV light sources the gas is
limited to gases with a high transmission, such as hydrogen, helium, argon or nitrogen.
Inert gases such as argon, helium, neon, nitrogen and combinations thereof coupled with
application relevant droplet targets should be studied to provide alternatives to the hydrogen usage for additional applications including EUV sources for inspection, metrology and
research purposes. Furthermore, the variation of ionization energy and atomic mass of the
neutral gas can give more insight into the relevant charge reduction processes specific for
droplet-based LPP sources.
Hence, a parametric study of different gases and direct species resolved measurements for
droplet-based LPPs is of importance to enhance the understanding for the ion expansion of
droplet-based LPP sources at application-relevant vacuum pressures. This study also aims
to address the difference between inertial and charge-exchange collisions within the scope
of droplet-based EUV light sources and its sensitivity to the gas in use. For this purpose, a
charge-state resolving electrostatic analyser was employed to measure the ionic emission in
lateral expansion direction for different ambient conditions.
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Some theoretical background on collisions and background gas interaction is given in section 6.2 and section 6.3, the experimental setup including the methodology are described
in section 6.4 and the results are shown in section 6.5. Finally, a summary is presented in
section 6.6.

6.2

Theoretical background

For LPPs generated in an ambient atmosphere, the plasma plume propagation becomes
more complicated through interaction with the neutral background gas. With increasing
ambient pressure several effects become evident such as (i) increased photon emission of all
species through an increase in collision rates, (ii) plasma plume deceleration and (iii) reduced plasma particle penetration.160,175 Further effects at elevated pressures can include
shock wave formation, thermal conduction, diffusion and enhanced charged particle recombination.176 The pressure level and nature of the background gas environment play a
crucial role on the dominating effects.

6.2.1

Atomic collisions of charged particles with neutrals

The plasma species interact through collisions with the buffer gas atoms and a vast range of
phenomena can occur during particle collisions on an atomic level. One or both collisional
partners can change their energy, momentum or charge state. For the considered LPP generated ion interaction with a neutral background gas primarily two collisional processes can
be distinguished: (i) elastic collisions and (ii) inelastic collisions. Elastic collisions include
Coulomb, inertial and polarization collisions while inelastic collisions can include excitation, electron ionization, charge-transfer collisions (ion-atom) and ionization processes.
During collisions conservation of energy and momentum can be assumed. In an elastic
collision the total kinetic energy and momentum is conserved. Inelastic collisions include
excitation or ionization processes resulting in a change of potential energy and thus also of
kinetic energy.158 For this brief overview atomic interactions and electronic processes are
differentiated where scattering, stopping and charge-transfer mechanisms are introduced.
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6.2.1.1

Atomic interactions

Scattering
When an ion interacts with a stationary atom, part of its kinetic energy is transferred and
the ion projectile changes is original trajectory by a scattering angle Θ in the centre-of-mass
system. When considering elastic collisions, the scattering angle and energy transfer can be
determined by conservations of energy and momentum. The transferred energy 𝑇𝑇 in a single collision depends on the scattering angle Θ, the initial projectile kinetic energy 𝐸𝐸0 and
the mass of projectile 𝑚𝑚𝑃𝑃 and target 𝑚𝑚𝑇𝑇 :162
𝑇𝑇 =

𝛩𝛩
4𝑚𝑚𝑃𝑃 𝑚𝑚𝑇𝑇
𝐸𝐸0 𝑠𝑠𝑠𝑠𝑠𝑠2 .
2
(𝑚𝑚𝑃𝑃 + 𝑚𝑚𝑇𝑇 )
2

(6.1)

The maximum scattering angle can be determined by Θ𝑚𝑚𝑚𝑚𝑚𝑚 = arcsin(𝑚𝑚𝑇𝑇 𝑚𝑚−1
𝑃𝑃 ) and is
hence limited by the ratio of masses of the two collisional partners. This relation also implies, that for a predefined total scattering angle a single collision transfers more energy from
the projectile than multiple collisions achieving the same total scattering angle.

Nuclear stopping
Once the energetic ions enter the buffer gas zone and collisions occur, the projectile ion
loses energy to the target atoms and electrons in the background gas. Usually, nuclear and
electronic energy transfer are assumed to be independent processes, where particles lose energy in discrete amounts in nuclear collisions and lose energy continuously from electronic
stopping.177 For this reason the nuclear stopping, which is assumed to be particularly important for ions in the keV energy range, is introduced separately from electronic interactions.
The scattering angle can be determined through the universal scattering integral, defined
by the impact parameter 𝑃𝑃𝑁𝑁 , the relative energy in the centre-of-mass system 𝐸𝐸𝑟𝑟 = 𝐸𝐸0 (1 +
−1
𝑚𝑚𝑃𝑃 𝑚𝑚−1
and the interaction potential 𝑉𝑉 (𝑅𝑅), between the projectile and target atom:177
𝑇𝑇 )
∞

−1
2

1
𝑃𝑃𝑁𝑁 2 𝑉𝑉 (𝑅𝑅)
𝛩𝛩�𝑃𝑃𝑁𝑁 , 𝐸𝐸𝑟𝑟 , 𝑉𝑉 (𝑅𝑅)� = � 2 �1 − 2 −
�
𝑟𝑟
𝑟𝑟
𝐸𝐸𝑟𝑟

𝑑𝑑𝑑𝑑

(6.2)

𝑟𝑟0
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The projectile atomic nucleus loses energy to the target atom through Coulomb repulsion.
The corresponding Coulomb potential 𝑉𝑉 (𝑅𝑅) for nuclear collisions is a function of the inter-nuclear distance 𝑅𝑅 and depends on the atomic numbers of projectile 𝑍𝑍𝑃𝑃 and target
𝑍𝑍𝑇𝑇 ,162
𝑍𝑍𝑃𝑃 𝑍𝑍𝑇𝑇 𝑒𝑒2
𝑉𝑉 (𝑅𝑅) =
𝜒𝜒(𝑅𝑅).
𝑟𝑟

(6.3)

Numerous screening functions 𝜒𝜒(𝑅𝑅) were proposed over the years.178,179 One of the more
commonly used potentials is the semi-empirical universal screening function by Ziegler,
Biersack and Littmark (ZBL):177
𝜒𝜒(𝑅𝑅) = 0.1818 𝑒𝑒−3.2

𝑅𝑅
𝑎𝑎

𝑅𝑅

𝑅𝑅

+ 0.5099 𝑒𝑒−0.9423 𝑎𝑎 + 0.2802 𝑒𝑒−0.4028 𝑎𝑎 +
𝑅𝑅

0.02817 𝑒𝑒−0.2016 𝑎𝑎 .

(6.4)

The screening length 𝑎𝑎 also has a number of interpretations by Firsov178 or Lindhard and
Scharff,180 here the universal screening length proposed by Ziegler et al.177 is used
𝑎𝑎 = 0.8854 𝑎𝑎0 (𝑍𝑍𝑃𝑃0.23 + 𝑍𝑍𝑇𝑇0.23 )−1 ,

(6.5)

where 𝑎𝑎0 is the Bohr radius (0.529 Å).

6.2.1.2

Electronic processes

The interaction between energetic particles and bound electrons proves to be a complex and
theoretically challenging topic. The range of electronic processes can include (i) direct kinetic energy transfer to target electrons, (ii) excitation or ionization processes of target atoms
or (iii) excitation or ionization processes of the projectile itself. By separation of the energy
loss into nuclear and electronic components, potential correlation between the two is ignored, which can play a role for single scattering studies, which is the case for small plasmadetector distances or low background gas pressure cases.

Electronic stopping
Electronic stopping is stronger in magnitude than the nuclear stopping, especially for intermediate to high projectile kinetic energies according to the work of Biersack and
Haggmark,162 which forms the basis for the popular Transport of Ions in Matter (TRIM)
code. The TRIM software package, which is explained in more detail in section 6.2.3, is a
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Monte Carlo simulation to calculate the stopping power with the already introduced ZBL
screening function. Estimations of the electronic and nuclear stopping power, are shown
in Figure 6.1. The electronic stopping is plays a dominant role for kinetic energies beyond
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 > 103 keV with a maximum at 105 − 106 keV. The shaded purple area shows the
typical kinetic energy region occupied by EUV emitting tin LPP plasmas.
Hence, the TRIM framework predicts that nuclear stopping dominates the electronic stopping by more than one order of magnitude for the considered kinetic energy range.

Electron capture
Inelastic collisions can comprise collisions where one or both collisional particles end up
being excited, or one or more electrons are being ejected from one or both collisional partners or finally an electron is being transferred between two collisional partners. This subsection concentrates on the latter, i.e. charge transfer collisions between ions and atoms of
the non-resonant type:
Sn𝑧𝑧+ + B → Sn(𝑧𝑧−𝑚𝑚)+ + B𝑚𝑚+ + ∆𝐸𝐸.

(6.6)

We shall limit this brief overview to collisions with low kinetic energies of 𝐸𝐸kin < 10 keV
and moderate charge states 𝑧𝑧 < 10, typical for expanding Nd:YAG irradiated tin plasmas.

Figure 6.1– Nuclear and electronic stopping power of argon at static pressure of 0.06 mbar for
tin ion obtained with TRIM framework.181 Shaded area shows typical range of kinetic energies
for LPP generated plasmas for EUV light sources.
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By increasing the ambient pressure, the likelihood of electron capture processes with the
background gas increases. The remaining multicharged projectile tin ions Sn𝑧𝑧+ interact
with the target atom B and capture 𝑚𝑚 electrons, thereby reaching a charge of (𝑧𝑧 − 𝑚𝑚)
electrons. During the approach of the ion the electron distributions have sufficient time to
readjust to the changing nuclei distance 𝑅𝑅, hence also variable electric field. Both, the projectile and target atom, share their electron cloud for enough time to be viewed as a quasimolecule. The energy defect ∆𝐸𝐸 for the charge exchange collision can be calculated as the
difference of electron binding energy before and after the collisional interaction, where P
indicates projectile and T target.
∆𝐸𝐸 = 𝐼𝐼𝐵𝐵 (P) − 𝐼𝐼𝐵𝐵 (T).

(6.7)

The interaction is considered exothermic if ∆𝐸𝐸 > 0 and endothermic if ∆𝐸𝐸 < 0. Thus,

highly charged tin ions can interact with neutral atoms in a strongly exothermic way. For
the adiabatic collisional energy regime, as defined by Massey182,183 for projectile velocities

𝑣𝑣 ≪ 𝑣𝑣𝑜𝑜 , collisions apart from curve crossings are improbable. Here 𝑣𝑣𝑜𝑜 denotes the hydrogen
electron orbital velocity (𝑣𝑣𝑜𝑜 = 2.188 × 106 ms−1 ). Therefore, exothermic reactions are expected to have larger charge-exchange cross-sections than endothermic reactions, in the adiabatic regime.184
In slow ionic Sn collisions with neutral gas targets single-electron capture (SEC) may be
regarded as the dominant process over multi-electron captures (MEC), which was documented already by several authors.99,101 An estimation for the ratio of SEC to MEC was
given by Klinger et al.185 to be,
2
𝜎𝜎(2𝑒𝑒)
𝐼𝐼𝐵𝐵 (T)
≤�
�
𝜎𝜎(𝑒𝑒)
𝐼𝐼𝐵𝐵 (T) + 𝐼𝐼𝐵𝐵 + (T)

(6.8)

where 𝜎𝜎(2𝑒𝑒) and 𝜎𝜎(𝑒𝑒) are the double and single electron capture cross-sections and 𝐼𝐼𝐵𝐵 + (T)
the second ionization potential of target T. For the considered collisional systems, the collision cross-section difference between SEC and MEC collisions is around an order of magnitude. Different simplified theoretical and empirical models were introduced to describe
charge-transfer collisions to estimate collisional cross-sections. Most models deal with SEC
while only few introduced MEC which often require the full quantum-mechanical modelling to be able to make accurate statements.
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Since mainly charge states 𝑧𝑧 ≤ 4 were measured experimentally, the simple single-crossing
Landau-Zener model186,187 was considered to help interpret results qualitatively.
Landau-Zener approximation (LZ)186,187
This approximation is based upon a first-order perturbation treatment of a two-state model
under the assumption of interactions only taking place near potential crossings or pseudocrossings.187 The model may be applied in the adiabatic velocity regime, where the projectile
velocity 𝑣𝑣 ≪ 𝑣𝑣𝑜𝑜 , with 𝑣𝑣𝑜𝑜 being the hydrogen electron orbital velocity (𝑣𝑣𝑜𝑜 = 2.188 ×
106 ms−1 ). The total electron transition probability 𝑃𝑃 is defined by the single transition
probabilities 𝑝𝑝𝑖𝑖 as 𝑃𝑃 = 2𝑝𝑝𝑖𝑖 (1 − 𝑝𝑝𝑖𝑖 ). The collision cross-section can be calculated by integrating across all impact parameters resulting in
𝜎𝜎𝐿𝐿𝐿𝐿 = 4𝜋𝜋𝑅𝑅𝑐𝑐2 �1 −

𝑉𝑉1 (𝑅𝑅𝑐𝑐 )
� 𝐺𝐺(𝜂𝜂),
𝐸𝐸

(6.9)

where 𝑉𝑉1 (𝑅𝑅) is the potential curve for the incoming channel at the inter-nuclear distance
𝑅𝑅, 𝑅𝑅𝑐𝑐 is the inter-nuclear distance at the avoided potential curve crossing with collisional
system kinetic energy 𝐸𝐸. For most systems 𝑉𝑉1 (𝑅𝑅) ≪ 𝐸𝐸 applies and the collisional crosssection simplifies to 𝜎𝜎𝐿𝐿𝐿𝐿 ~4𝜋𝜋𝑅𝑅𝑐𝑐2 𝐺𝐺(𝜂𝜂). The function 𝐺𝐺(𝜂𝜂) is defined as
∞

𝐺𝐺(𝜂𝜂) = � exp(−𝜂𝜂𝜂𝜂) (1 − exp(−𝜂𝜂𝜂𝜂))𝑥𝑥−3 𝑑𝑑𝑑𝑑

(6.10)

1

with the quantity 𝜂𝜂 given by
2
2𝜋𝜋𝐻𝐻12
𝜂𝜂~
𝑑𝑑𝑉𝑉
𝑑𝑑𝑉𝑉
ℏ𝑣𝑣𝑟𝑟 � 𝑑𝑑𝑑𝑑1 − 𝑑𝑑𝑑𝑑2 �
𝑅𝑅=𝑅𝑅𝑐𝑐

(6.11)

Here 𝐻𝐻12 denotes the interaction matrix at 𝑅𝑅𝑐𝑐 and 𝑣𝑣𝑟𝑟 is the relative velocity between projectile and target. The interaction matrix 𝐻𝐻12 can be estimated from the reduced parameters
∗ �𝐼𝐼
∗
∗
∗
∗
𝐻𝐻12 = 𝐻𝐻12
𝐵𝐵 (P)�𝐼𝐼𝐵𝐵 (T), with 𝐻𝐻12 ~𝑅𝑅𝑐𝑐 exp(−0.86𝑅𝑅𝑐𝑐 ), where 𝑅𝑅𝑐𝑐 can be estimated

with the semi-empirical equation 𝑅𝑅𝑐𝑐∗ =

�𝐼𝐼𝐵𝐵 (P)+�𝐼𝐼𝐵𝐵 (T)
√
𝑅𝑅𝑐𝑐 .
2

Finally, the inter-nuclear dis-

tance at the avoided crossing can be calculated from
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𝑅𝑅𝑐𝑐 = 2𝐼𝐼𝐻𝐻

𝑧𝑧 − 1
.
∆𝐸𝐸

(6.12)

With 𝐼𝐼𝐻𝐻 being the ionization energy of hydrogen (13.6 eV). The equations used to calculate the collision cross-section for CX processes use atomic units. The assumption for the
simple LZ model that transitions between states only occur at a single inter-nuclear distance
is clearly an oversimplification. To be able to make more quantitative statements also for
higher charge states, more sophisticated models to account for multi-state collisional systems should be considered.188 However, for this work the LZ formula is only used to make
qualitative statements about charge exchange probabilities. This is an acceptable simplification because the vast majority of ion charge states detected experimentally were 𝑧𝑧 ≤ 4. For
higher charge states the number of reaction channels and coupling increases and the characteristic energy dependence of the collisional cross-section ceases. For slow higher charge
state 𝑧𝑧 ≥ 5 collisional systems over-the-barrier models, as introduced by Ryufuku et al.189
are typically used.

Langevin collisions
At low kinetic energies ion-dipole interaction can become important, because the incoming
ionic projectile has enough time to polarize the atom by attracting the atom electron charge
cloud thereby inducing a dipole exerting a force on the charged particle.158 These collision
can be described by the well-known Langevin cross section. The condition for polarization
effects to strongly perturb the particle trajectory can be estimated from the dynamics in the
−1⁄2

polarization potential as is given by Liebermann and Lichtenberg158 with 𝑣𝑣 ≲ 105 𝑚𝑚𝑅𝑅

(cm/s). This estimation results in velocities smaller than 𝑣𝑣 < 510 m/s for the He and Sn
collisional system and even smaller velocities for the heavier target atoms. Hence, polariza-

tion induced collisions are not considered to be a main contributor to elastic nor inelastic
collisions within the considered ion energy spectrum.

6.2.2

Simple phenomenological models

The fundamental variable characterising a collision is its collision cross section 𝜎𝜎. From
which the particle mean free path 𝜆𝜆 is calculated as,
𝜆𝜆 = (𝑛𝑛𝑝𝑝 𝜎𝜎)−1 ,
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𝑛𝑛𝑝𝑝 being the atomic particle density. With the knowledge of the relative particle velocity
𝑣𝑣rel the collision frequency 𝜈𝜈 can be calculated as: 𝜈𝜈 = 𝑛𝑛𝑝𝑝 𝜎𝜎𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 . For an expanding ion
beam within a background gas the relative velocity between the ion expansion velocity and
the neutral thermal velocity 𝑣𝑣th = �𝑘𝑘B 𝑇𝑇𝐵𝐵𝐵𝐵 𝑚𝑚𝑢𝑢 −1 is used, with 𝑚𝑚𝑢𝑢 = 𝐴𝐴𝑢𝑢 𝑢𝑢 being the
neutral atomic mass and 𝑇𝑇𝐵𝐵𝐵𝐵 the background gas temperature. To estimate the mean free
path for the elastic binary collisions in a closed form the variable-hard sphere (VHS) model
by Bird190 was used. The VHS model is the most commonly used collisional model in
DSMC simulations and was also used in a number of works for DSMC calculations of
metal vapour expansion from laser-generated plasmas into background gases.191,192
This model predicts cross-section proportionality with the kinetic energy. This leads to the
following relation for the collisional cross section which requires to define a reference di𝑟𝑟𝑟𝑟𝑟𝑟
and a reference temperature Tref :
ameter 𝑑𝑑𝑖𝑖,𝑉𝑉𝑉𝑉𝑉𝑉
2
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉 = 𝜋𝜋𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉
(𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 )

(6.14)

The corresponding velocity dependent collisional diameter and element specific diameters
are given by Kersch et al. 192 as follows:

𝑑𝑑𝑖𝑖,𝑉𝑉𝑉𝑉𝑉𝑉 (𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 ) =

𝑟𝑟𝑟𝑟𝑟𝑟
�
𝑑𝑑𝑖𝑖,𝑉𝑉𝑉𝑉𝑉𝑉

2𝑘𝑘𝐵𝐵 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 𝜔𝜔−0.5
1
�
�
2
𝑚𝑚𝑟𝑟 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟
𝛤𝛤 (5⁄2 − 𝜔𝜔𝑖𝑖 )

𝑑𝑑𝑉𝑉𝑉𝑉𝑉𝑉 (𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 ) =

𝑑𝑑𝑃𝑃 ,𝑉𝑉𝑉𝑉𝑉𝑉 +𝑑𝑑𝑇𝑇 ,𝑉𝑉𝑉𝑉𝑉𝑉
2

(6.15)
(6.16)

Here mr denotes the reduced mass of the collisional system and is defined as mr =
mP mT (mP + mT )−1 with mP and mT being the atomic projectile and target mass. ωi is
a temperature exponent describing the velocity dependence of the cross-section and Γ represents the gamma function. The reference values for the background gases were used from
Bird193 at a reference temperature of 𝑇𝑇ref = 273 K, while the reference value for tin was
calculated from192
𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑𝑖𝑖,𝑉𝑉𝑉𝑉𝑉𝑉

=�

15�𝑚𝑚𝑆𝑆𝑆𝑆 𝑘𝑘𝐵𝐵 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 �0.5
2𝜋𝜋 0.5 (5 − 2𝜔𝜔𝑖𝑖 )(7 − 2𝜔𝜔𝑖𝑖 )𝜇𝜇�𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 �

(6.17)

One difficulty of the VHS model is the definition of the reference values in particular for
metal vapour gas mixtures, where published values are scarce. Fan et al.191 calculated the
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reference value of copper under the assumption of equivalent viscosity coefficient 𝜇𝜇 for the
alkali metal vapour occupying the same row in the periodic table. In this work the same
approach was chosen to calculate the VHS parameter for tin at a reference temperature of
𝑇𝑇ref = 3000 K. The calculated reference values are shown in Table 3.
Table 3: Covalent radii,194 atomic mass and VHS parameters195 for Sn projectile (𝑇𝑇ref = 3000 K)
and target elements (𝑇𝑇ref = 273 K).

6.2.3

Element

Sn

He

Ne

Ar

Kr

Xe

N2

𝒎𝒎𝒊𝒊 (amu)

119

4

20.18

39.95

83.8

131.25

28

𝒓𝒓𝒓𝒓𝒓𝒓
𝒅𝒅𝒊𝒊,𝑽𝑽𝑽𝑽𝑽𝑽
(Å)

5.44

2.33

2.72

4.04

4.73

5.74

4.07

𝝎𝝎𝒊𝒊

0.853

0.7

0.66

0.81

0.82

0.85

0.74

Monte-Carlo model: Transport of Ions in Matter (TRIM)

Since the mean free path is shorter than the plasma-detector distance, multiple ion-atom
collisions have to be considered. This collision cascade can only be modelled numerically.
For this purpose, Monte-Carlo TRIM simulations181 were performed to consider the effect
of background gas introduction into the vacuum chamber. The relative influence of electronic and nuclear stopping effects has been calculated with the TRIM framework earlier
and was shown in Figure 6.1. It has been demonstrated, that the nuclear stopping power is
predicted to be more than an order of magnitude larger than electronic stopping for the
considered kinetic energy range. As a consequence, the TRIM framework predominantly
simulates the influence of the nuclear collisions. Results in this context should be treated
with caution since more recent studies showed that the electronic stopping cross-section for
low kinetic energies are less reliable and cross-sections appear to be underpredicted.196 Another shortcoming of the TRIM code is the neglect of charge effects.
In the TRIM code, 𝑁𝑁0 projectile ions or atoms are initialized at one boundary with a defined kinetic energy and direction. The boundary condition of the target atoms requires the
definition of the elemental composition and gas density. The Kinchin-Pease formalism197
was used, since details of target damage and sputtering are irrelevant for this study. The
nuclear and electronic stopping are calculated independently. While nuclear interactions
change the projectile kinetic energy upon collisional interaction discretely, the electronic
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energy loss happens continuously, similar to a friction term. The projectile particle is assumed to change movement direction upon interaction through a binary collision and move
in straight free-flight paths between collisions.162 For every collision, the impact parameter
𝑃𝑃 is determined through the generation of a random number. With the impact parameter,
the scattering angle 𝜃𝜃 with the formerly introduced universal screening function 𝜒𝜒(𝑟𝑟) is
used to calculate the energy loss 𝑇𝑇 . This cascade calculation continues until either (i) the
energy drops below a kinetic energy threshold, insufficient to displace a target atom, or (ii)
the particle reaches the predefined domain boundary in lateral or longitudinal direction.
In this work the TRIM Monte Carlo code was used to estimate the tin ion kinetic energy
change and ion number reduction due to the ambient gas conditions to be able to compare
to the experimental results.

6.3

Process of plasma expansion into low pressure gas

During laser pulse interaction with the target, bulk material evaporates, expands and eventually gets ionized. The initial plume expansion during laser pulse interaction can be described as a continuum fluid with hydrodynamic models since plasma particle interactions
are frequent due to the high particle density and temperature. In this regime the Knudsen
numbers are in the range of 𝐾𝐾𝐾𝐾 < 0.01. The initial ion-ion collision mean free path is
calculated as136
𝜆𝜆𝑖𝑖,𝑖𝑖 =

(𝑘𝑘𝐵𝐵 𝑇𝑇 )2
𝑛𝑛𝑝𝑝 𝑧𝑧 4̅ 𝑒𝑒4 𝑙𝑙𝑙𝑙(𝛬𝛬)

(6.18)

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑇𝑇 the plasma temperature, 𝑒𝑒 the elementary charge,
𝑧𝑧 ̅ the plasma mean charge state and ln(𝛬𝛬) the Coulomb logarithm. During the initial hydrodynamic plasma expansion at particle densities in the order of 𝑛𝑛 ~ 1019 cm−3 the mean
free path 𝜆𝜆𝑖𝑖,𝑖𝑖 is in the micrometre range. Once the laser pulse terminates, the plasma density
and temperature drop rapidly thus the plasma transitions into a density-temperature space
with infrequent collisions of plasma particles among each other but a gradual increase of
collisions with ambient gas atoms. This transition strongly depends on the plasma properties and ambient conditions. For relevant low pressure ambient gas conditions (mbar to

111

6.3 Process of plasma expansion into low pressure gas

sub-mbar regime), where EUV light is transmitted over an acceptable range, the plasma
expansion can be regarded as a two-step process:198,199
(i)

Initial expansion of the plasma plume where the collisional processes are
dominated by plasma particle interaction among themselves and negligible
background gas effects.

(ii)

The expansion phase where the mean free path of the plasma particles among
themselves 𝜆𝜆i,i is larger than the mean free path between the plasma species
and the background gas 𝜆𝜆a,i .

This simplified two-step model representation is justified if the mean free path 𝜆𝜆a,i in the
background gas is longer than the plasma characteristic scale during the first expansion
phase.198 An estimate of the mean free path for elastic collisions in the background gas can
be formulated with the VHS model by combining the previously introduced equations
(6.13) and (6.14). The dimension of the first phase of the expansion with negligible background gas effects is characterized by λa,i and the plasma expansion velocities. It has been
shown in Chapter 4 most of the ion bulk recombination at an argon background gas pressure of 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar takes place at distances 𝑟𝑟P < 2 cm. This range correlates well
with the observation length scales of earlier studies where plume interactions were studied
numerically and experimentally with gated imaging techniques, ion probes and laser-induced fluoresce:97,200,201 In these studies, three characteristic pressure regimes were identified
for the centimetre range:
(i)

A low background gas pressure where the plasma plume expands almost freely
with few background gas collisions.

(ii)

An intermediate pressure level, where the plasma expansion is characterized
by strong interpenetration of the plasma species and plume sharpening.202 In
this regime already collective effects leading to compression effects of plume
and buffer gas might occur.201

(iii)

A high pressure regime, where the plume-background interaction can lead to
a so-called snowplough effect, where the ablated material pushes the ambient
gas away from the target resulting in a compression of both, plasma and ambient gas resulting in shockwave generation. The expansion continues until
the plume pressure equals the background gas pressure and the plume eventually stops with its energy being dissipated.201
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These regimes were studied numerically and experimentally by Itina et al.201 for a molecular
oxygen in the centimetre range and were estimated to be around ≳ 1, ≳ 10 and ≳ 70 Pa
(0.01, 0.1 and 0.7 mbar), respectively. For expedient EUV collector mirror distances beyond radial distances of 𝑟𝑟𝑝𝑝 > 100 mm, background gas effects are expected to play a role
at already lower static pressures. Harilal et al.112 showed already some influence on the ion
kinetic energy distribution at an argon background gas pressure as low as 𝑝𝑝𝑠𝑠 = 2 × 10−3
mbar measured at a representative distance of 𝑟𝑟𝑝𝑝 = 150 mm.
To estimate the influence of the background gas spatially, the collision cross-section and
mean free path for elastic collisions was estimated with the VHS model. Helium with an
atomic mass of 𝐴𝐴𝐻𝐻𝐻𝐻 = 4𝑢𝑢 has the shortest mean free path of the presented gases due to its
relation to the reduced mass and the thermal velocity influence. The collision-cross section
was thereby 𝜎𝜎~5 − 10 Å2 for 𝑝𝑝s ~2 × 10−2 mbar and a tin ion kinetic energy range of 0.2
to 2.5 keV. The corresponding estimated mean free path, from the VHS model, for tin
atoms in different helium atmospheres is shown in Figure 6.2 (a) while the ion-ion mean
free path according to the plasma expansion model (section 4.2.2) as a function of the radial
expansion dimension is shown in Figure 6.2 (b). The purple band around 600 eV shows
the mean kinetic energy across all charge states for the helium background cases. The corresponding mean free path for tin ions in a helium background results in 𝜆𝜆a,i ~18, 9 and 5
mm for the indicated static pressures. During plasma cooling and expansion the ion-ion
mean free path increases, with radial distance as shown in in Figure 6.2 (b). Once the condition 𝜆𝜆a,i < 𝜆𝜆i,i is fulfilled the second step of the plasma expansion begins, where background gas collision start to dominate over the plasma internal collisions. Hence, up to a
plasma length scale of 𝐿𝐿p ~7, 4 and 3 mm, the plasma is expected to expand freely, for the
three different background gas pressures 𝑝𝑝s ~2 × 10−2 mbar, 𝑝𝑝s ~4 × 10−2 mbar and
𝑝𝑝s ~6 × 10−2 mbar. For larger radial distances the background gas starts to interact with
the plasma species through collisions.
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Figure 6.2– Mean free paths of background atom – ion of plasma (a) and plasma ion-ion (b).
𝜆𝜆a,i , shown is (a), is calculated for a helium background gas of the VHS model at different
background gas levels of 𝑝𝑝s ~ 2 × 10−2 mbar, 𝑝𝑝s ~ 5 × 10−2 mbar and 𝑝𝑝s ~ 6 × 10−2 mbar.
The purple band indicates the mean kinetic energy across all charge states. (b) shows the ionion mean free path 𝜆𝜆i,i according to plasma expansion model (presented in section 4.2.2)

For gases with a higher atomic mass than helium the mean free path 𝜆𝜆a,i is larger and thus
the transition to the background gas dominated collision region takes place at larger radial
distances from the focus point. Since the change in kinetic energy is a function of the atomic
masses and scattering angle, the transition for heavier gases is expected to be more abrupt.

6.4

Methods

This subsection is divided into the description of experimental setup and the post-processing methodology. A more detailed description of the facilitated instrumentation is given
in Chapter 3.

6.4.1

Experimental setup

Figure 6.3 shows schematically the experimental configuration. The plasma creation took
place in the rectangular ALPS II vacuum chamber. The monodispersed tin droplets were
generated by the droplet dispenser which was mounted vertically above the laser focus on a
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motion stage. The micro-metre sized droplets were tracked with laser sheets for positioning
and laser triggering purposes. The motion system, as described in section 2.4, uses optical
sensors and real time controllers to detect droplet position in space to compensate for droplet position variations in the horizontal plane (lateral instabilities. For the presented data set
the droplet positional stability in the horizontal plane was 𝜎𝜎𝑥𝑥,𝑦𝑦 < 10 μm. The positioning
of the droplet in vertical direction with respect to the focal volume was implemented by a
laser triggering system with a temporal resolution in the sub microsecond range. The tin
droplet vertical velocity translates into a vertical positioning accuracy of around ±5 μm.
The influence of gravity on the droplet speed can be neglected for the relevant space and
time scales. Besides droplet positioning, repeatable droplet conditions, including shape and
size, need to be guaranteed across different measurement sets. Hence, imaging in the form
of a shadowgraph system was integrated perpendicular to the incoming laser including a
high speed CCD camera and a pulsed LED flash lamp, imaging the droplet structure at 20
frames per second. The spherical droplets had an average diameter of dD ~61 μm with an
uncertainty of 3% within the presented data set. The irradiation system as presented in
section 2.2, was constituted by the Nd:YAG laser which was focused into the vacuum chamber with a focusing system. In this study the laser was operated at its fundamental wavelength 𝜆𝜆L = 1064 nm at a frequency of fL ~8.3 kHz and a pulse duration of τP ~34 ns at

FWHM. The beam diameter at focus was ~84 μm FWHM, approximated by a Gaussian
profile, which translates to a laser irradiance at focus of EL ~100 GWcm−2 . The photon
emission in the extreme-ultraviolet wavelength at a wavelength centred around 13.5 nm
were acquired with two symmetrically arranged EUV energy monitors (E-mons) (see section 3.1) positioned at a lateral angle of 𝛾𝛾 = ±31°. The measured EUV signals were used
as a reference, where the transmission losses through the different background gases was
accounted for, to be able to compare different ion traces. The axisymmetric arrangement
furthermore enabled a symmetric placement of the droplet within the focal volume, due to
the EUV emission sensitivity to droplet-focus alignment.
The ion flux from the LPP was analysed by using an in-house built electrostatic ion analyser
positioned at a radial distance of 𝑟𝑟P = 180 mm, representative for EUV collector distances.
The details of the electrostatic analyser (ESA) are shown in section 3.2.2. The electrostatically biased electrodes of the ESA were swept between 0 and 1 kV. The bias voltage range
was extended compared to the work of Giovannini72,109 to be able to resolve lower charge
states with high kinetic energies.
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A parametric study of different background gases and pressures was conducted. Thereby
the pressure was varied between 𝑝𝑝s = 1 × 10−2 mbar and 𝑝𝑝s = 8 × 10−2 mbar. In the pre-

viously defined pressure regimes this range stretches from the low to the intermediate pressure regime. The buffer gases were supplied through a needle valve and the static chamber
pressure 𝑝𝑝s was monitored with two vacuum gauges during source operation. To make sure
no pressure gradients are present within the vacuum chamber, the static pressure was measured at the focal volume after operation and the measured difference was below the meas-

urement accuracy of 15%. The ultimate chamber base pressure of 𝑝𝑝s = 3 × 10−3 mbar is
set by leakages and the sealing purge gas of the main vacuum pump. The EUV signals, ion
signals and electrode bias voltage were measured with a digitizer acquisition card with 8-bit

resolution and a real-time sampling capability of 0.625 GS/s. The EUV signals and high
voltage bias were acquired with a 50 Ω channel impedance while the ion signals was meas-

ured across a 210 Ω to improve the signal to noise ratio. The influence of the increased
scope resistance on the temporal behaviour of the ion traces was assessed and only small
differences in the tens of nanosecond range were found.

6.4.2
From

Post-processing of experimental results
the

raw

TOF

signals

the

charge

specific

ion

energy

distributions

d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸kin (𝑒𝑒𝑒𝑒 −1 𝑠𝑠𝑠𝑠−1 ) were calculated which are presented in solid angle normalized
form. The detailed derivation of d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸kin including the error propagation is presented
in section 3.2.2.4. Thereby, the standard deviation in arrival time and measured scope voltage across the different ion traces was taken into account and an error propagation by means
of the partial derivative method was used.
For every ion energy distribution d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸kin more than 7 × 103 plasma signals were used,

of which every electrode bias setting typically had around 102 plasmas. During operation,

droplet position in horizontal and vertical direction, laser pulse and EUV pulse energy were
monitored. The EUV pulse energy was used as a reference signal due to its sensitivity against
droplet position and laser pulse variations.32 To generate the ion energy distributions only
ion traces within this standard deviation were considered.
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Figure 6.3– Schematic sectional side top view of the ESA experimental setup. The EUV energy
monitors were placed at 𝛾𝛾 = ± 31°. The electrostatic analyser (ESA) was positioned at a lateral

angle of 𝛾𝛾 = 60° while the droplet monitoring system was placed at 90° from the laser axis in the

horizontal plane.

By integrating the charge-specific ion energy distribution d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸 in the kinetic energy
space one obtains the charge-specific number of ions reaching the detector:
𝑁𝑁𝑧𝑧 = �

∞

0

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 (𝑠𝑠𝑠𝑠−1 )
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

(6.19)

The total ion number 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 is the summation of the charge-specific ion number 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑧𝑧
∑1𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁𝑧𝑧 . The discretized ion number ∆𝑁𝑁𝑧𝑧,𝑗𝑗 which is used to compare experimental

results with the theoretical models, where the kinetic energy space is discretized into 𝑗𝑗 segments is defined as:
∆𝑁𝑁𝑧𝑧,𝑗𝑗 = �

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑗𝑗+1

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑗𝑗

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 (𝑠𝑠𝑠𝑠−1 )
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘

(6.20)

The total discretized ion number summed across all available charge states can be calculated
zmax
̅
from ∆𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡,𝑗𝑗 = ∑z=1
∆𝑁𝑁𝑧𝑧,𝑗𝑗 . The charge-specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
weighted

by the ion distribution is defined as:
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∞

̅
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
=

∫ 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
0

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
(𝑒𝑒𝑒𝑒 )
𝑁𝑁𝑧𝑧

(6.21)

The charge-specific total ion kinetic energy 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑧𝑧 which is used to evaluate the gas mitigation efficiency, can be evaluated from
∞

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑧𝑧 = � 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧
0

𝑑𝑑𝑁𝑁𝑧𝑧
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧 (𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠−1 )
𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,𝑧𝑧

(6.22)

the total ion kinetic energy summed across all available charge states can be calculated with
zmax
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 = ∑z=1
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑧𝑧 .

The ion energy distribution d𝑁𝑁𝑧𝑧 ⁄d𝐸𝐸kin , the charge-specific ion number 𝑁𝑁𝑧𝑧 and mean ion
̅
were evaluated for every gas for various pressures and is discussed in
kinetic energy 𝐸𝐸kin,𝑧𝑧
the following sections. The discretized ion numbers ∆𝑁𝑁𝑧𝑧,𝑗𝑗 and ∆𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡,𝑗𝑗 are used to compare numerical with the experimental results and the total ion kinetic energies 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑧𝑧 and
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡 are used to judge the mitigation ability of the respective gases.

6.4.3

TRIM simulations

TRIM calculations were performed where 𝑁𝑁0 tin ions were introduced into different ambient gases at the three considered experimental pressures. The buffer gas layer had the
experimental layer thickness of 180 mm. The tin introduction energies 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘,0 and number
𝑁𝑁0 into the domain was estimated based on the experimental low pressure helium case. The
simulation results of the kinetic energy distribution after the buffer gas layer were discretized
into six domains Ekin,j = 0.2 − 0.5, 0.5 − 1, 1 − 1.5, 1.5 − 2, 2 − 2.5 and 2.5 − 3 keV
for comparison of experimental with numerical results. The charge-specific discretized ion
numbers ∆𝑁𝑁𝑧𝑧,𝑗𝑗 were used to compare the experimental with the numerical results. Since
TRIM calculations assume neutral particles, for projectile and target atoms, the number
differences for the different charge states originate from the initial ion number condition
and its cascading through the buffer gas. The gas density is used as an input parameter
which was calculated with the ideal gas law with a mean temperature of 𝑇𝑇BG = 300 K.

118

Background gas effects on ionic debris of droplet-based laser-produced plasmas

6.5

Results and discussion

6.5.1

Experimental results of various gases

In the first part of the results section the experimental results for various gases are discussed
separately while in the second part the experimental findings are discussed and compared
to the previously introduced theoretical models. Six different gases were used including:
Helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe) and molecular nitrogen
(N2). The different gas cases are presented in order of the periodic table from top to bottom
with the exception of molecular nitrogen which is shown as the last data set.

6.5.1.1

Helium background gas

Figure 6.4 shows the ion energy distributions for three different static helium pressures
increasing from top (𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar) to bottom (𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar). As a general
trend by rising the static pressure in the chamber, interactions between ions and background
atoms increase resulting in a reduction of detected kinetic energies and consequently also
ion number. At a static pressure of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar up to five tin charge states were
identified with a maximum kinetic energy of up to 𝐸𝐸𝑘𝑘in,max = 1.8 keV. The lower three
charges Sn1+, Sn2+ and Sn3+, thereby are present with a higher abundance and stretch to
higher kinetic energies than the Sn4+ and Sn5+ contributions. By increasing the pressure to
𝑝𝑝𝑠𝑠 ~ 4.6 × 10−2 mbar, the energy distribution gradually shifted to lower kinetic energies
and the higher ion kinetic energies 𝐸𝐸𝑘𝑘in > 1.5 keV disappeared. The highest charge state
Sn5+ visible for the low pressure case vanishes and the Sn4+ contribution experiences a noticeable shift to lower kinetic energies. By further increasing the pressure to 𝑝𝑝𝑠𝑠 ~ 6 × 10−2
mbar the trend of a gradual shift of ion energy distribution towards lower kinetic energies
continues as shown in Figure 6.4 (c). At a pressure of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar maximum kinetic
energies of 𝐸𝐸𝑘𝑘in ~ 1.4 keV were still present. To describe the relative change of the chargestate resolved ion contributions in more detail, the charge-specific ion number 𝑁𝑁𝑧𝑧 and the
̅
charge specific mean kinetic energy weighted by the ion distribution 𝐸𝐸kin,𝑧𝑧
were calculated
with equation (6.19) and (6.21) respectively. In Figure 6.5 (a) the ion number change for
the different charge states are shown. The ion number for the higher charge states Sn4+and
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Sn3+ remain constant within the sample standard deviation. The lower charge states Sn2+
and Sn1+ experience an apparent decrease.

(a)

(b)

(c)

Figure 6.4– Tin ion energy distributions at different helium background gas pressures ps. Pressure increases from top (a) to bottom (c). Graph (a) shows the energy distribution at a pressure
of 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar, (b) shows the distribution at 𝑝𝑝𝑠𝑠 = 4.6 × 10−2 mbar and (c) shows a
pressure of 𝑝𝑝𝑠𝑠 = 6 × 10−2 mbar.
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The singly charged tin ions thereby experiences a reduction in ion number by ~70% for an
increase in pressure from 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar to 𝑝𝑝𝑠𝑠 = 6 × 10−2 mbar, while the doubly
̅
charged ions are only reduced by ~20%. The charge specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
shown Figure 6.5 (b) meanwhile shows an inverse trend to the charge-specific ion number.
̅
of the higher charge states Sn4+ and
While the charge specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
Sn3+ have a decrease in kinetic energy the singly and doubly charged tin ions remain almost
constant or within the sample standard deviation.

Figure 6.5– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different helium background gas pressures.

6.5.1.2

Neon background gas

Figure 6.6 shows the ion energy distributions for three different static neon pressures increasing from top (𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar) to bottom (𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar). For a neon atmosphere at a static pressure of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar only three tin charges states, Sn1+, Sn2+
and Sn3+, were identified. The maximum kinetic energy measured was 𝐸𝐸𝑘𝑘in,max ~ 1.7 keV
for the doubly charged state Sn2+. Similarly, to the helium case the lower charge states are
present with a higher abundance and stretch to higher kinetic energies than the higher
charge state Sn3+. The triply charged tin ions have kinetic energies below 500 eV. An increase in static pressure reduces the measured kinetic energies in a similar fashion than the
helium case.
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(a)

(b)

(c)

Figure 6.6– Tin ion energy distributions at different neon background gas pressures ps. Pressure
increases from top (a) to bottom (c). Graph (a) shows the energy distribution at a pressure of
𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar, (b) shows the distribution at 𝑝𝑝𝑠𝑠 ~ 4 × 10−2 mbar and (c) shows a pressure
of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar.

An interesting observation is the drastic change for the singly charged tin ions which shows
a significant decrease in kinetic energy on both sides of the kinetic energy spectrum, while
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the doubly charge tin ions mostly experience a reduction in kinetic energy at the right side
of the spectrum. The triply charged ion distribution remains almost constant with increasing pressure for the considered range. At a pressure of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar maximum kinetic energies of 𝐸𝐸𝑘𝑘in ~ 1.4 keV were still present for the neon case.
The charge-specific ion number 𝑁𝑁𝑧𝑧 and charge-specific mean kinetic energy weighted by
̅
the ion distribution 𝐸𝐸kin,𝑧𝑧
for the neon case are shown in Figure 6.7 (a) and (b) respectively,
calculated with equation (6.19) and (6.21). Here the drastic change in ion number for the
singly charged tin ions becomes evident. The singly charged tin ions are reduced by two
orders of magnitude at a pressure of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar compared to the low pressure
case. The doubly charged tin ions are reduced by 65% while the triply charged tin ions are
̅
remain almost conreduced by only 45%. The charge-specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
stant for all charge states for the neon case as depicted in Figure 6.7 (b).

Figure 6.7– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different neon background gas pressures.

6.5.1.3

Argon background gas

For an argon atmosphere at a static pressure of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar only two tin charges
states, Sn1+ and Sn2+ were visible, as shown in Figure 6.8 (a). The two charge states thereby
practically occupy the equivalent kinetic energy range with a maximum kinetic energy of
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up to 𝐸𝐸𝑘𝑘in ~ 1.6 keV. With increasing pressure, kinetic energy and ion number reduces for
both ion charge states as observable in in Figure 6.8 (a) (b) and (c).

(a)

(b)

(c)

Figure 6.8– Tin ion energy distributions at different argon background gas pressures ps. Pressure
increases from top (a) to bottom (c). Graph (a) show the energy distribution at a pressure of
𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar, (b) shows the distribution at 𝑝𝑝𝑠𝑠 ~ 4 × 10−2 mbar (c) shows a pressure of
𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar.
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The charge-specific ion number 𝑁𝑁𝑧𝑧 and charge-specific mean kinetic energy weighted by
̅
the ion distribution 𝐸𝐸kin,𝑧𝑧
for the argon case are shown in Figure 6.9 (a) and (b), calculated
with equation (6.19) and (6.21). Both charge states are reduced in ion number similarly.
Also for the argon experimental data set the singly charged tin ion lose more ions with
increasing pressure than the doubly charged ions. In numbers: the singly charged ion number is reduced by ~95% while the doubly charged ions are reduced by ~85%. The charge̅
for the doubly charged ions remain practically constant
specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
while the singly charged tin ions appear to increase their charge-specific mean kinetic energy
by ~10%. Hence, more low kinetic energy ions are not detected or lost while high kinetic
energy ions are still being detected which results in an increase of detected charge-specific
mean kinetic energy.

Figure 6.9– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different argon background gas pressures.

6.5.1.4

Krypton background gas

The krypton case shown in Figure 6.10 shows a comparable distribution to the argon case.
For the low pressure data set measured at a static krypton background gas pressure of
𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar two charges states were detected. The maximum kinetic energy was
𝐸𝐸𝑘𝑘in,max ~ 1.5 keV for the doubly charged tin ions. Both ion charge states lose ions on the
lower and higher energy side as shown in Figure 6.10 (a), (b) and (c).
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(a)

(b)

(c)

Figure 6.10– Tin ion energy distributions at different krypton background gas pressures ps. Pressure increases from top (a) to bottom (c). Graph (a) shows the energy distribution at a pressure
of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar, (b) shows the distribution at 𝑝𝑝𝑠𝑠 ~ 3 × 10−2 mbar and (c) shows a
pressure of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar.

The calculation of the charge-specific ion number 𝑁𝑁𝑧𝑧 and charge-specific mean ion kinetic
̅
energy 𝐸𝐸kin,𝑧𝑧
, calculated with equation (6.19) and (6.21), shown in Figure 6.11 for the
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krypton case further illustrates this behaviour. The ion number reduction for both charge
states is almost equivalent in relative change with increasing pressure. One distinct feature
which also applies for a krypton buffer gas is the enhanced ion number reduction for singly
charged tin ions in contrast to the doubly charged ions. The relative difference is however
not as pronounced as for the earlier cases. The singly charge ions are reduced by >92 % and
the doubly charged ions are reduced by ~90%. The charge-specific mean kinetic energy
̅
has a rising trend which indicates more ions on the lower kinetic energy are not
𝐸𝐸kin,𝑧𝑧
detected anymore for higher background gas pressures.

Figure 6.11– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different krypton background gas pressures.

6.5.1.5

Xenon background gas

The xenon background gas case shown in Figure 6.12 depicts three different charge states.
In this particular case a differentiation between tin and xenon ions is not possible with the
achievable instrument resolution of around 3% (presented in section 3.2.2). Hence, due to
the inability to distinguish between the two elements both elements might be present in the
shown ion energy distributions, as indicated in Figure 6.12 (a).
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(a)

(b)

(c)

Figure 6.12– Tin ion energy distributions at different xenon background gas pressures ps. Pressure increases from top (a) to bottom (c). Graph (a) shows the energy distribution at a pressure
of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar, (b) shows the distribution at 𝑝𝑝𝑠𝑠 ~ 3 × 10−2 mbar and (c) shows a
pressure of 𝑝𝑝𝑠𝑠 ~ 5.4 × 10−2 mbar.

A maximum kinetic energy of 𝐸𝐸𝑘𝑘in,max ~ 1.5 keV was measured for the doubly charged ion
contribution. The triply charged contribution shown in Figure 6.12 (a) is centred around
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a kinetic energy of around 1 keV and the singly charge ions stretch the kinetic energy region
between 𝐸𝐸𝑘𝑘in ~ 0.1 – 1.4 keV. By increasing the pressure from 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar to
𝑝𝑝𝑠𝑠 ~ 3 × 10−2 mbar, the measured ion distribution changes distinctively. Only singly
charged ions are visible for the intermediate pressure case. The kinetic energies of the singly
charged ions only change marginally compared to the low pressure case. By increasing the
static xenon pressure to 𝑝𝑝𝑠𝑠 ~ 5.4 × 10−2 mbar the kinetic energy distribution are reduced
on both sides of the energy spectrum.
The calculation of the charge-specific ion number 𝑁𝑁𝑧𝑧 and the charge-specific mean kinetic
̅
energy 𝐸𝐸kin,𝑧𝑧
, calculated with equation (6.19) and (6.21) respectively, is shown in Figure
6.13 for the xenon case. The charge-specific ion number 𝑁𝑁𝑧𝑧 for the singly charged ions are
reduced by 80% by increasing the pressure from 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar to 𝑝𝑝𝑠𝑠 ~ 5.4 × 10−2
mbar, while the doubly and triply charged ions vanish entirely. The charge-specific mean
̅
appears to increase by about 20% which
kinetic energy of the singly charge ions 𝐸𝐸kin,1
indicates a stronger loss of the lower kinetic energy part of the ion spectrum.

Figure 6.13– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different xenon background gas pressures.

6.5.1.6

Diatomic nitrogen background gas

The charge specific ion energy distributions for the molecular nitrogen (N2) background
gas case is shown in Figure 6.14.
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(a)

(b)

(c)

Figure 6.14– Tin ion energy distributions for different molecular nitrogen background gas pressures ps. Pressure increases from top to bottom. Top plot (a) shows a pressure of 𝑝𝑝𝑠𝑠 ~2 × 10−2
mbar, middle plot (b) shows a pressure of 𝑝𝑝𝑠𝑠 ~4 × 10−2 mbar and the bottom plot (c) shows a
pressure of 𝑝𝑝𝑠𝑠 ~6 × 10−2 mbar.

Similar to the argon and krypton case only two tin charge states Sn1+ and Sn2+ are visible at
a background gas pressure of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar. The maximum kinetic energy measured
130

Background gas effects on ionic debris of droplet-based laser-produced plasmas

for the doubly charged tin ions at the low pressure case was 𝐸𝐸𝑘𝑘in,max ~ 1.7 keV. The kinetic
energy space of the singly charged tin ions is comparable to the doubly charged tin ions for
the low pressure case.
By increasing the nitrogen background gas pressure the maximum kinetic energy observable
for the doubly charged tin ions reduces to 𝐸𝐸𝑘𝑘in,max ~ 1.3 keV for the intermediate pressure
and to around 𝐸𝐸𝑘𝑘in,max ~ 1 keV for the highest pressure. Qualitatively the singly charge tin
ions experience a stronger decrease in kinetic energy as well as number than the doubly
charged ions.
̅
The charge-specific ion number 𝑁𝑁𝑧𝑧 and the charge-specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
weighted by the ion distribution, calculated with equation (6.19) and (6.21) respectively,
are shown in Figure 6.15 for the nitrogen case. The ion number reductions for both charge
states with increasing pressure are indistinguishable from one another. Both contributions
charge-specific ion numbers are reduced by ~96%, as shown in Figure 6.15 (a).
̅
for both charge states falls with an increase
The charge-specific mean kinetic energy 𝐸𝐸kin,𝑧𝑧
in pressure by around 20-25% which is in contrast to all previously presented noble gases.

Figure 6.15– Charge-specific tin ion number (a) and charge-specific mean kinetic energy
weighted by the ion distribution (b) for different molecular background gas pressures.

For the molecular nitrogen case another peak in the of 𝐴𝐴𝑢𝑢 /𝑧𝑧 mapping occurs at 𝐴𝐴𝑢𝑢 /𝑧𝑧~ 14,
which is shown in Figure 6.16 with a similar signal amplitude than the doubly charged tin
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Sn2+ . Therefore, part of the diatomic nitrogen N2 is expected to dissociate, thereby forming
singly charged nitrogen ions N1+. Figure 6.16 shows the measured voltage 𝑈𝑈𝐶𝐶𝐶𝐶𝐶𝐶 across the
oscilloscope internal resistor generated by the current from the CEM anode, the spherical
deflector bias voltage 𝑈𝑈𝐵𝐵 and the molecular mass over charge ratio 𝐴𝐴𝑢𝑢 ⁄𝑧𝑧 . The nitrogen ion
energy distribution 𝑑𝑑𝑑𝑑 ⁄𝑑𝑑𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 for the singly charged nitrogen ions was calculated for the
low pressure case of 𝑝𝑝𝑠𝑠 ~2 × 10−2 mbar (Figure 6.17). The total singly charged nitrogen
number was lower than the tin charge contributions by more than one order of magnitude.
However, high kinetic energies up to 650 eV were detected.

Figure 6.16– Three dimensional map of around 7000 Au/z signals for a molecular nitrogen background gas environment. A background pressure of 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar was used

The energy defect can be translated into kinetic energy. However, reaching energies up to
650 eV are more likely to be reached by Coulomb interactions. This observation is important when considering molecular nitrogen as a mitigation gas, since the nitrogen ions
are also contributing to the detrimental effect for optics placed in the EUV source.
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Figure 6.17– Nitrogen ion energy distributions for a pressure of ps ~ 0.02 mbar.

6.5.2

Comparison with theoretical models

To qualitatively explain the presented experimental results for the various background gases
different theoretical models for elastic binary collisions and inelastic charge transfer collisions were introduced in section 6.2. In a first step an attempt is made to describe the
relative change in measured ion load with increasing pressure by elastic binary collisions
through TRIM calculations. In a second step charge-transfer interactions are considered to
illustrate its influence on the measured tin ion charge distribution.

6.5.2.1

TRIM results

The neutral background gas atoms reduce the tin ion kinetic energy and scatter the emitted
ions through collisions, resulting in an altered kinetic energy distribution after the buffer
gas layer. Neon was used as an example to exemplify the influence of nuclear and electronic
collisions on the charge-specific initial ion energy distribution.

Neon background gas
The comparison of the numerical and experimental results for the neon background gas are
shown in Figure 6.18 (a), (b) and (c). Here the discretized ion number ∆𝑁𝑁𝑧𝑧,𝑗𝑗 were calculated by using equation (6.20) for the experimental and numerical results. One can observe
that the TRIM simulations are able to predict adequately the order of magnitudes for the
singly and doubly charged ions in the low pressure case shown in Figure 6.18 (a) up to
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kinetic energies of 1.5 keV. For kinetic energies > 1.5 keV the ion numbers from the numerical results are overrepresented. With increasing pressure, some differences become apparent also for kinetic energies below 1.5 keV, where the numerical results start to deviate
from the experimental results. In particular, the strong decrease of the singly charged tin
ions with increasing pressure cannot be reproduced by the TRIM simulations while the
doubly charged ion number matches the order of magnitude predictions for 0.2 up 1.5 keV.
The doubly charged tin ion number remains above the TRIM predictions, while the experimentally observed strong decrease of singly charged tin ions is underestimated. The higher
charge states 𝑧𝑧 > 2 appear to be poorly represented by the TRIM estimates. While Sn3+ is
still detected experimentally for low kinetic energies below 0.5 keV, the higher charge states
Sn4+ and Sn5+ vanish experimentally. This observation is caused by CX collisions and is
addressed in the subsequent section.
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Figure 6.18– Discretized tin ion numbers ΔNz,j for neon background gas at varying static pressure. The pressure increases from top to bottom (a) at 𝑝𝑝𝑠𝑠 ~ 2 × 10−2 mbar, (b) at 𝑝𝑝𝑠𝑠 ~ 3.8 ×

10−2 mbar and (c) at a pressure of 𝑝𝑝𝑠𝑠 ~ 6 × 10−2 mbar. Bar plots show the experimental results,
while the line plots show the numerical estimates from the TRIM calculations.
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Comparison of numerical and experimental data for various gases
For the neon case it was shown the differences in charges states are not caused solely be
nuclear collisions and thus cannot be represented by the TRIM simulations adequately
alone. Therefore, CX collisions are expected to be the dominating factor specifying the
charge state distribution at a pressure around 𝑝𝑝𝑠𝑠 ~2 × 10−2 mbar. For Ne, Ar, Kr, Xe and
N2 the total ion number 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 are shown in Figure 6.19, where the bars show the experimental results and the line plot the TRIM estimations.

Figure 6.19– Total tin ion number Ntot for various gases. (a) neon, (b) argon, (c) krypton, (d)
xenon and (e) diatomic nitrogen. Bar plots show the experimental results, while the line plots
show the numerical estimates from the TRIM calculations.
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The neon case was discussed under consideration of the charge-specific reduction in Figure
6.18. Neon showed experimentally a strong reduction in singly charged tin ions. Numerically, the TRIM Monte-Carlo simulations overestimated the total ion numbers, due to the
strong decrease in ion number for Sn1+. With growing target atomic mass from neon to
xenon the deviation of experimental to numerical prediction increases. While for neon,
argon and nitrogen the tin ion number order of magnitude is adequate, at least for the first
two pressure cases, the heavier gases seem to be underestimated. Since for the xenon data
set, tin ions and possibly ionized xenon ions cannot be distinguished a possible underestimation might result from ionized background gas atoms. A more probable reason for this
discrepancy is the difference associated with directed ion beams, simulated by the TRIM
simulation and the idealized ion point source. Experimentally, scattering of plasma ions
within the buffer gas increases due to larger 𝑚𝑚𝑇𝑇 ⁄𝑚𝑚𝑃𝑃 ratios and consequently also larger
scattering angles 𝜃𝜃. Scattering for an idealized ion point source leads to a charge homogenization, while scattering for a directed ion beam can results in charge reduction, which could
be a cause for error.

6.5.2.2

CX collisions

Calculating the collisional dynamics for charge-transfer interaction proves to be more difficult than inertial collisions since the collisional cross-sections 𝜎𝜎 are generally unknown for
the considered collisional systems and depend on collisional partner elements, charge state
and collisional velocity. To estimate the magnitude of the collisional cross-sections, the
Landau-Zener (LZ) approximation, presented in section 6.2.1.2, for lower charge states
𝑧𝑧 ≤ 4 was used, while for higher charge states 𝑧𝑧 > 4 the over-barrier model189 proves to be
more appropriate. Figure 6.20 shows the mean free path estimations according to the LZ
formula for the different collisional systems considered during the experimental measurements. Here only single electron capture (SEC) processes are considered, since SEC typically dominate over multi-electron capture processes by an order of magnitude for all considered gases.185
Singly and doubly charged tin ions are not shown in Figure 6.20, because the calculated
mean free paths are larger than the plasma-detector distance. For Sn3+ and Sn4+ ions electron
capture processes show significant differences for the different gases.
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Helium, with the highest ionization energies, shows for Sn4+ a mean free path smaller than
the plasma-detector distance of 180 mm at low kinetic energies of ~200 eV. Hence, according to the LZ formula, for helium with tin charges up to 𝑧𝑧 = 4, no significant effects of
electron capture processes are expected. The experimental results are in good agreement
with this statement, where charge states up to Sn5+ could be measured. In a more recent
work by Hoekstra107 tin charge states up to Sn8+ under high vacuum conditions for droplet
targets (measured at 𝛾𝛾 = 60°) were detected, while > 90% had charge states 𝑧𝑧 ≤ 5. Hence,
the higher charge states 𝑧𝑧 > 5 are assumed to be lost due to CX collisions, also for the
helium case. The SEC cross-section for higher tin charge states 𝑧𝑧 ≥ 4 can be modelled with
over-barrier models,189 which mainly predict scaling with charge state.
For neon, shown in Figure 6.20 (b), triply charged tin ions have mean free paths larger than
the plasma-detector distance while for Sn4+ multiple electron capture collisions are expected
for the lowest, as well as the highest considered neon pressure, with an increasing trend for
higher kinetic energies. Qualitatively, this also agrees well with the experimental findings,
where up to Sn3+ could be detected and Sn4+ vanished.
Argon, shown in Figure 6.20 (c), is the first gas where the triply charged tin ions have mean
free paths smaller than 𝑟𝑟𝑝𝑝 = 180 mm with a slowly increasing trend towards higher kinetic
energies. Already for the low pressure argon case multiple collisions are expected to occur
between plasma and ESA. The experimental measurements of a vanishing triply charged tin
ion contribution is also in agreement with this mean free path estimation of the LZ model.
The mean free path estimations for krypton and xenon (Figure 6.20 (d) and (e)) show a
similar behaviour as the argon case. Interestingly, the mean free paths for the xenon case
show larger magnitudes than the argon and krypton case, especially for the low pressure
case the triply charged tin ions are expected to have no electron capture collision within the
plasma-detector distance of 𝑟𝑟𝑝𝑝 = 180 mm. Also experimentally, for the low pressure case
presented in Figure 6.12(a) up to three charge states of Sn3+ & Xe3+ were identified.
The disappearing contribution of the doubly charged tin ions by increasing the pressure
from 𝑝𝑝𝑠𝑠 ~2 × 10−2 mbar to 𝑝𝑝𝑠𝑠 ~3 × 10−2 mbar can however not be explained by this
simple model representation, without a numerical implementation of multiple CX collisions.
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Figure 6.20– Mean free paths Δλ,LZ for different background gases, calculated with the Landau-

Zener91 approximation. Two charge states 𝑧𝑧 = 3 and 𝑧𝑧 = 4 are shown at the highest (solid line)
and lowest pressure (dashed line) used during the corresponding experimental measurements.

As pointed out by Hasted and Chong184 for collisions in the adiabatic collisional regime,
exothermic reactions are anticipated to have larger CX cross-sections than endothermic reactions. Therefore, it is interesting to point out an energy defect ∆𝐸𝐸 dependence, where
xenon is the only element considered in this study, where for Sn2+ already an exothermic
CX collision occurs. Experimentally, xenon was also the only gas where the doubly charged
ions vanish and is thus believed to be induced by a charge-transfer effect which could not
be modelled with the LZ approximation sufficiently.
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z
Figure 6.21– Ionization energy of tin between Sn1+ and Sn5+ in comparison with the first ionization potential of the noble gas target atoms.203

Nitrogen, being a diatomic collisional target, possesses more reaction channels and degrees
of freedom including rotational and vibrational excitation and can therefore not be treated
so simplistically and thus not discussed in the context of the LZ framework. Furthermore,
as shown in the experimental results, effects such as collision-induced dissociation needs to
be taken into account, a detailed analysis is beyond the scope of this study.

6.5.3

Comparison of gases

Figure 6.22 shows an overview of the charge-specific total ion kinetic energies 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡,𝑧𝑧 for all
considered background gases calculated from equation (6.22). The absolute changes in ion
kinetic energies were smaller than the ion number reduction, resulting in a dominating ion
number effect on the calculated total kinetic energy. One of the most striking differences
between the ambient gases is the number of detected ion charges states. For helium up to
five charge states were measured, neon and xenon showed charge states up to 𝑧𝑧 = 3, while
argon, krypton and nitrogen only showed two charge states. Qualitatively, these differences
in observable tin charge states were mainly contributed to electron exchange reactions between the tin projectiles and the atomic background for charges states up to 𝑧𝑧 = 4 with the
Landau-Zener approximation. In the work of Hoekstra,107 the reduction of the tin charge
states from a tin droplet-based LPP was also linked to CX collisions for a hydrogen background gas environment. This observation can be expanded and confirmed for different
gases in the present work.
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An interesting observation which applies to all gases, with the exception of xenon and nitrogen, is a stronger inverse total kinetic energy gradient for singly charged tin ions compared to higher charge states with increasing pressure. This charge-specific phenomenon is
inexplicable with the so far introduced models. Abramenko et al.,106 who studied the stopping cross-section of tin ions in hydrogen also presented larger stopping cross-sections for
singly charged tin ions with respect to the doubly charged ions at kinetic energies >1 keV.
In their publication, this observation was attributed to electronic stopping effects explained
with models of Firsov204 and Lindhard & Scharff.180 In these models a proportionality to
the first power with the atomic radius was shown. By removing electrons from an atom the
repulsion between the electrons in the same principal shell decreases and the effective nuclear charge per electron increases due to an attenuation of electron shielding which results
in a smaller ionic radius.205 Hence, a possible explanation for larger negative total kinetic
energy gradients for singly charged tin ions could result from a reduction in ionic radius.
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Figure 6.22– The experimentally measured charge-specific total ion kinetic energy Etot,z for different ambient gases. The gases shown are (a) He, (b) Ne, (c) Ar, (d) Kr, (e) Xe and (f) N2.

In this context the helium case shown in Figure 6.22 (a) aligns well with this assumption.
For the helium data set, the negative gradients of total kinetic energies scale inversely proportional to the charge state up to 𝑧𝑧 = 3.
Neon showed a particularly distinct decrease in total singly charged tin ion kinetic energy,
as shown in Figure 6.22 (b). This particularly distinct difference for singly charged tin ions
in neon in comparison with the remaining gases cannot be explained at this points and
needs further investigation. Argon and krypton also showed enhanced negative gradients
however not as pronounced, which might be explained by a superposition of the increased
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attenuation efficiency due to larger atomic radii with the stronger nuclear interactions associated with heavier background atoms. Molecular nitrogen, besides xenon, shown in Figure
6.22 (f) is an exception, where singly and doubly charged total ion kinetic energy decreases
equivalently. When calculating the total tin ion kinetic energy nitrogen presented the lowest
total ion kinetic energies.

Figure 6.23– Total tin ion energy Etot at a radial distance of 180 mm. All used gases are shown
including He, Ne, Ar, Kr, Xe and N2 at different static pressures 𝑝𝑝𝑠𝑠 .

To judge the overall mitigation gas suitability per unit length for plasma-based EUV light
sources the overall total tin ion kinetic energy, summed across all available charge states, as
a function of the EUV transmission at 𝜆𝜆 = 13.5 nm is shown in Figure 6.23. The presented
results for the argon and krypton data sets behave rather similar in total ion energy. This
experimental observation is unexpected, since the nuclear stopping efficiency of krypton is
expected to be more pronounced due to the higher atomic mass 𝐴𝐴Kr > 2 𝐴𝐴Ar . Hence,
additional effects are also here expected to play a role. By measuring the total tin ion kinetic
energies, nitrogen gas showed the lowest values with an molecular mass of 𝐴𝐴𝑁𝑁2 = 28 u.
Ziegler and Manoyan206 showed a correlation of the stopping power of compounds with
the number of bonds and atomic cores for kinetic energies in the range of 125 keV/amu.
Assuming this relation scales down to slow tin ions in the keV range, this could explain the
experimentally low kinetic energies for molecular nitrogen, having a triple bond and two
nuclei. Another interesting finding for the diatomic nitrogen case was the measurement of
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ionized nitrogen atoms with energies up to 650 eV. Collision-induced dissociation possibly
results from dissociative charge transfer where the nitrogen molecule gets ionized followed
by a molecular breakup leading to an ionized and a neutral nitrogen atom.207 A net kinetic
energy gain can result from these types of molecular collisions, where the kinetic energy
gain is equal to the energy defect ∆𝐸𝐸.208 However, energy defects are in the tens of eV while
experimentally hundreds of eV were measured. Concurrently, due to the significant kinetic
energy difference Coulomb interactions between the expanding tin ions and the ionized
nitrogen ions are likely to occur, where the atomic mass ratio plays a role for the relative
repulsive effect. Energy conservation in turn causes a deceleration of the tin ions. Another
potential explanation for the high energies measured for the nitrogen ions could be coupled
to the large difference in atomic mass of tin and nitrogen by a factor of 8.
By taking note of Figure 6.23, neon can be disregarded as viable background gas for this
application, due to the large photon cross-section around 92 eV.209 While helium has a high
EUV transmission, also the total ion kinetic energies remain high and a slowing gradient
becomes visible. For mitigation gas purposes argon, krypton and nitrogen appear as the
most viable of the presented gases. Especially molecular nitrogen reduces the overall tin ion
kinetic energy efficiently with the downside of generating energetic ionized nitrogen atoms
and higher EUV transmission losses than argon. Furthermore, the influence of highly reactive nitrogen atoms on the surface of source components and optical surfaces needs is currently unknown and requires further investigation.

6.6

Summary

The influence of different background gases on the ionic emission of Nd:YAG irradiated
droplet targets was studied experimentally with a spherical electrostatic analyser. A parametric variation of the static pressure in the range of 𝑝𝑝𝑠𝑠 = 2 × 10−2 mbar to 𝑝𝑝𝑠𝑠 = 8 ×
10−2 mbar was performed at a mirror representative radial distance of 180 mm in lateral
expansion direction. The gases used for this study included the noble gases helium, neon,
argon, krypton, and xenon, and the diatomic gas nitrogen. The experimental results were
compared briefly to numerical results from the widely-used simulation package SRIM, and
the implications of electron capture processes were discussed qualitatively with a LandauZener formalism.
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For helium, up to five tin ion charge states were measured in a static background gas pressure of 𝑝𝑝𝑠𝑠 ~2 × 10−2 mbar. An inverse proportionality of the negative total ion number
gradient with measured tin ion charge state was measured with increasing static pressure. A
similar observation was made for neon, argon and krypton, for which the singly charged tin
ions Sn1+ experienced a stronger decrease in ion number than the higher charge states. In
particular, neon showed a strong decrease in singly charged tin ions.
For neon, up to three tin charge states were identified, while only two tin charge states were
identified for argon and krypton. Xenon, having the lowest ionization energy of the tested
background gases, only showed one ion charge state for elevated background gas pressures.
Two tin charge states were visible when using molecular nitrogen as a background gas. In
addition to the tin contribution, ionized nitrogen atoms could also be detected, potentially
originating from collisional dissociation.
The reduction in measured ion charge states for the different ambient conditions were addressed qualitatively by calculating the collision mean free-path in the Landau-Zener framework. Qualitatively, a good agreement between the detected tin ion charge states and the
predicted LZ trends were found. The influence of inertial collisions between tin projectile
and background gas atoms was simulated with the TRIM software package, where only an
order of magnitude correlation was found for gases with a molecular mass 𝐴𝐴𝑟𝑟 < 30 u.
The different gases were evaluated on their suitability for LPP EUV light sources based on
total tin ion kinetic energy and EUV transmission. Three gases, including argon, krypton,
and nitrogen, appear to be interesting for the tested pressure regime. Nitrogen in particular
showed an efficient reduction of tin ions.
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Chapter 7 Debris management of dropletbased laser-produced plasma sources
7.1

Introduction

Managing debris and target material for droplet-based LPP EUV light sources is of paramount importance for operating EUV sources in an application-relevant design space, including long-term operation with optimized source component lifetimes. Matter expanding
towards sensitive optical surfaces needs to be mitigated, contained, and subsequently removed, encompassed by the umbrella term debris management. Sensitive optical surfaces,
which need to be protected during source operation, include the first bounce EUV collector
mirror, laser focusing optics, and the necessary sensory equipment for stable light source
operation. Among the primary components that define the source cost-of-ownership are
the EUV collection optics. A significant challenge associated with the debris mitigation of
droplet-based LPP light sources is the large debris spectrum range emanating from dropletbased LPP light sources. The generated debris span from droplet fragments in the micrometre range with expansion velocities in the hundreds of m/s, to ions and neutrals in the
atomic length scales, with expansion velocities of up to 100 km/s. Different mitigation approaches can be facilitated to reduce the debris load on sensitive surfaces, including usage
of buffer gases, mechanical shutter systems, and electro-static or magnetic fields.
Two novel systems were developed, characterized, and the implementation studied under
application-relevant conditions. The first system employs localized gas injection in combination with confining and flow guiding surfaces, called liner system, and the second approach uses a high frequency mechanical shutter blade.
In a first study, the impact of liner introduction was assessed in a comparative study to
evaluate the impact on debris mitigating effects on surfaces in and out of line-of-sight, as
well as debris removal capability. The second study evaluated the potential lifetime of EUV
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collecting surfaces by exposing sample surfaces. The third experimental study studied the
possibility of operating a mechanical shutter system during multiple kHz source operation
in order to reduce the debris load without imposing EUV transmission losses.
The structure of this chapter includes the presentation of both mitigation concepts in section 7.2. Subsequently three experimental studies are presented. The first study shown in
section 7.3 presents a comparative study of baseline operation and liner integrated operation. The second study presented in section 7.4 shows the results of a life-time assessment
of EUV collection optics with liner integrated source operation. In a final study the high
speed mechanical shutter system was tested and evaluated based on surface coverage reduction in combination with EUV transmission.

7.2

Design of debris mitigation systems

7.2.1

Liner debris management system

A novel debris management concept, called a liner system, that utilizes a confined protective
gas flow to redirect, decelerate and entrain LPP generated debris was developed. The system
combines high momentum gas flow injections, flow guiding, and confinement surfaces, and
was developed, integrated and tested in the ALPS source chamber. This system integration
and method was patented in Europe and the United States.210
The liner debris management system is optimized for light source applications with solid
angle requirements for metrology and inspection applications.
In the following sections, the general design requirements are introduced and the engineering design is presented and described in detail, followed by a debris mitigation performance
assessment. The performance assessment includes the relative comparison of free-standing
and liner integrated source operation and a lifetime assessment of the first bounce collection
optics.

7.2.1.1

General design requirements

Optimising the debris mitigation strategy by injecting a high momentum gas flow is a
multi-variable problem which includes EUV transmission, spatial and temporal plasma
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plume stability, and mitigation efficiency. In addition to the debris mitigation aspect, the
liner system has to guarantee fuel mass flow control and adequate optical access, which
translates to the following functional requirements:
• The system shall use high-momentum buffer gas through localised gas injection,
confinement, and guiding surfaces in order to minimise the LPP-generated debris
load on sensitive surfaces.
• The system should thus be optimised for EUV power output and spatial and temporal stability.
• The system shall allow optical access for EUV light extraction, excitation light
source, operational essential diagnostics, and alignment systems.
• The system should contain and extract the mitigated particulates and unused fuel
material.
In the following, the developed design is first explained conceptually, followed by a characterization of the thermal design and the introduced rarefied buffer gas flow.

7.2.1.2

System configuration and overview

The debris mitigation system comprises a buffer gas inlet and a buffer gas outlet, thereby
providing a continuous protective gas flow with coinciding flow and excitation light source
propagation direction. Flow momentum 𝑝𝑝⃗𝐹𝐹 = 𝑚𝑚𝑣𝑣⃗ is maximized in order to improve the
efficiency of inertial collisions and allow for the redirection or deceleration of the particles
emanating from the droplet-based LPP. The mass flow is thus proportional to the static
pressure and the atomic mass. The gas in use also defines the photon collisional cross-section, which, in combination with the buffer gas number density, which proportional to the
static pressure, defines the number of photon collisions and therefore EUV transmission
losses. Thus, to increase the efficiency of inertial collisions, the flow velocity should be maximised, while keeping the static pressure in an acceptable range.
A schematic overview of the integrated debris management system is presented in Figure
7.1. Section A-A shows the sectional side view of the source, and Section B-B shows a sectional top view, in the direction of gravity, or the negative z-direction, both shown in. Figure 7.1.
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Two convoluted structures surrounding the emitting plasma were introduced to guide and
control the introduced buffer gas flow. The inner liner (IL), also called the first compartment and labelled (1), is the first layer surrounding the plasma and represents part of the
high temperature core of the light source. The IL connects with the fuel trap (4) through a
connecting pipe. These three components - the IL, the connecting pipe, and fuel trap - are
actively temperature-controlled to keep the temperature above the fuel melting point, which
in the case of tin is above 231.9°C. A distinct feature of this design is the possibility to
extract fuel material in its liquid state through gravity. To achieve this, a trade-off between
optical, thermal, and fuel mass flow requirements had to be identified during the iterative
design process. The core confines most of the mitigated and unused fuel material and facilitates target material extraction in liquid form. Resistive heat elements and temperature
sensors are either laser welded or vacuum brazed to concur with vacuum requirements. Adequate conductive coupling of heaters and temperature sensors is essential for vacuum environments due to the non-existent convective coupling. The entire high-temperature core
is mounted on an actively cooled vertical positioning stage, which is developed in-house
also in the course of this work and is thermally decoupled from the high-temperature core.
The movement stage is integrated to compensate for thermal growth. This positioning of
the core is automated for source ramp-up, and can be used to optimize the optical access
port positions after thermal ramp up to maximise EUV output and minimise the debris on
sensitive optical surfaces. The positioning accuracy of the optical access points across the
entire operational temperature range in the vertical direction is < 100 µm and is achieved
with a linear stepper drive coupled to a 7.5° wedge movement system.
The outer liner (OL), labelled (2), surrounds the IL, is actively cooled, and serves mainly
three purposes. First, it controls the IL temperature during operation through radiative coupling and the temperature difference between the two structures. The radiatively transported power between two grey bodies can be estimated by
𝜎𝜎(𝑇𝑇14 − 𝑇𝑇24 )
̇
𝑄𝑄1→2 = −1
𝐴𝐴1 ,
𝜀𝜀1 + 𝜀𝜀−1
2 −1

(7.1)

where 𝑇𝑇1 , 𝑇𝑇2 , 𝜀𝜀1 and 𝜀𝜀2 are the inner and outer liner temperatures and emissivity, respectively, with the radiating inner liner surface denoted by 𝐴𝐴1 . Hence, the radiating surface of
the inner liner defines the equilibrium temperature of the IL during operation. Second, it
guides the mitigation gas between the inner- and outer liner. Third, it is the mechanical
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mounting point for multiple sub-assemblies. Structurally, the outer liner interconnects with
the focusing optics (7), the droplet dispenser (5), the housing for the fuel trap (4), the intake
manifold (6), and the EUV collector assembly (13). The EUV collector is enclosed by an
EUV collector casing, which allows differential pumping for reducing EUV transmission
losses.
The intake manifold is directly connected to the main vacuum pump, which also represents
the buffer gas flow sink. Part of the laser power can be dumped into the beam dump (3),
which is structurally mounted to the intake manifold (6). The beam dump surface facing
the inner liner also increases to temperatures beyond the tin melting point. The entire inner
and outer liner structure is enclosed by the rectangular ALPS vacuum chamber (12).
The top view shown in Figure 7.1. (Section B-B) schematically shows the placement of the
off-axis normal incidence ellipsoidal EUV collector mirror (13), which collects the EUV
light and transmits it to the intermediate focus (14). In addition to normal incidence collector mirrors, grazing incidence collector mirrors can also be facilitated with this design.
The next generation, not presented here but developed in the course of this work, increases
the collection angle by close to an order of magnitude.
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Figure 7.1– Schematic sectional views of the proposed liner system and its major components,
adapted from Brandstätter et al.210 Laser is incoming from left to right. (1) Shows the inner
liner, (2) the outer liner, (3) the beam dump, (4) the fuel trap, (5) the target dispensing device,
(6) the intake manifold, (7) excitation delivery system, (8) the droplet train, (9) the excitation
light beam, (10) the radiating plasma, (11) the fuel trap, (12) the vacuum chamber, (13) the offaxis ellipsoidal normal-incidence EUV collector mirror and (14) the intermediate focus. Dotted
lines show schematically the buffer gas flow. The coordinate system is shown in the right bottom
corner for each sectional view separately.
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7.2.1.3

Thermal design

The thermal design is specifically coupled to the mass flow control of the target material to
allow material extraction from the exchangeable fuel trap. In the present case, the primary
application is tin, though other liquid metals such as indium or gallium may be used for
light source applications.41 The design principle introduced here does not necessitate tin as
a fuel material, but may be extended to any liquid metal or alloys thereof with similar or
lower melting points than tin. The concept and methodology is even extendable to higher
melting point materials but necessitates usage of alternative materials.
Three main operating points had to be considered during the design process: calibration
phase, system ramp-up, and steady state system operation.
System calibration implied droplet position calibration versus laser focus and diagnostic
alignment. Only a limited number of laser plasmas are generated in this calibration phase,
and thus only a reduced heat load is imposed on the surrounding structures. Thus, heaters
and temperature sensors were attached to the inner liner surface to actively control the inner
liner temperature and assure that 𝑇𝑇 > 𝑇𝑇melt .
During source ramp-up, the system heats up to the operational temperature. During this
process, the thermal growth of the high temperature core needs to be considered. Compensation of thermal growth was made possible by moving the high-temperature core coupled
vertical stage. Once the steady state operation is reached, the generated heat load of the
radiating LPP contained within the source core is sufficient to heat the inner liner to temperatures beyond the fuel melting point.
The main thermal implication for the steady-state use case was the thermal integrity of the
high temperature components. The choice of a material for the core structure material was
driven by its high operating temperature, chemical inertness, and erosion resistance. The
outer liner structure interacts radiatively with the inner liner, and interacts structurally with
multiple assemblies. A highly conductive material is used to minimise thermal gradients of
the outer liner. The second iteration of the outer liner, not presented here, incorporates an
internally cooled substrate to reduce the existing temperature gradients of the first design
iteration (featured in this paper).
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A computational setup modelling the relevant structural components was implemented
based on a thermal finite-element (FE) analysis and using the ANSYS FE modeller to calculate the anticipated temperatures and, in particular, the thermally induced deformations.
The modelled FE temperature distribution was validated by experimental measurements at
the indicated measurement positions by laser-welded PT100 sensors. Experimentally as well
as numerically the expected inner liner temperatures during steady state operation remained
well below the maximum operating temperature of the inner liner material, while being
above the melting point of the target material. A challenge associated with the temperatures
experienced by the inner liner structure is the IR wavelength emission for optical components. Careful material selection for optics and optical coatings needs to take place in particular for transmissive optics to mitigate thermal implications. The effect of infrared emission on optical components is however expected to be dominated by the plasma itself, since
the solid angle exposure of the optics to the inner liner structure is small compared to the
radiating plasma. The infrared radiation impact on optical components from the inner liner
is not dominated by first bounce but rather second bounce irradiation which further reduces
the implied effects. For reflective optics, including the EUV collecting optics, the reflectivity
can be approximated to be metallic reflection with 𝑅𝑅 > 80% for 𝜆𝜆 > 2 µm.
To conclude the thermal studies: we find that the proposed design fulfils the key thermal
requirements regarding fuel mass flow and the thermal integrity of the source components.

7.2.1.4

Rarefied background gas flow

The buffer gas flow is injected around the focusing optics. Its mass flow is controlled by a
mass flow controller and the injected buffer gas is fed by a buffer gas reservoir.
In this chapter, argon was used for the background gas, representing a suitable trade-off
between EUV light transmission, mitigation efficiency, chemical inertness, and simplicity
of application. The resulting Knudsen numbers within the flow field range from continuum
conditions upstream of the nozzle geometry to transitional gas flows in the vacuum chamber
The background gas flow resulting from the gas injection and the introduced mechanical
liner structures was quantified experimentally by traversing the four-hole probe introduced
in section 3.3. In addition to the experimental characterization, a two-dimensional numerical study was performed with the COMSOL Multiphysics transitional flow interface.
154

Debris management of droplet-based laser-produced plasma sources

Experimental flow field characterization
The background gas flow field is characterized by an argon mass flow injection rate of 𝑚𝑚̇ =
0.27 g/s, resulting in a static vacuum chamber pressure of 𝑝𝑝𝑠𝑠 ~2 × 10−1 mbar. This injection rate was increased with respect to the nominal conditions to increase the measured
dynamic head to improve the signal-to-noise ratio. Figure 7.2 shows the measured static
pressure 𝑝𝑝𝑠𝑠 in (a) the vertical 𝑦𝑦 − 𝑧𝑧 and (b) the horizontal 𝑥𝑥 − 𝑦𝑦 measurement plane within
the inner liner structure. The cartesian coordinates were normalized to the laser focus length
𝐿𝐿𝐹𝐹 . The vertical contour mapping results from 120 measurement points (restricted measurement range) and the horizontal mapping results from 230 acquisition points on a 5.9 ×
5.9 mm grid. The white areas of the contour plot show the measurement positions, where
the incidence angle (pitch or yaw) was larger than the sensor calibration range and thus had
to be excluded. Figure 7.2 (a) indicates the static pressure map in the vertical plane. First,
one notices a pressure gradient in positive 𝑦𝑦-direction from the higher-pressure region in
the vicinity of the gas injection area to the lower pressure region downstream. Secondly, a
pressure gradient exists in negative 𝑧𝑧-direction or gravity direction, therefore resulting in a
non-axisymmetric flow expansion. The horizontal plane shown in Figure 7.2 (b) depicts
similar gradients in 𝑦𝑦-direction, but less pronounced due to the second pressure gradient in
negative 𝑧𝑧-direction.

(a)

(b)

Figure 7.2 – Measured local static pressure map within the inner liner structure. Graph (a)
shows the vertical mapping in the 𝑧𝑧 − 𝑦𝑦 plane and graph (b) shows the horizontal mapping in
𝑥𝑥 − 𝑦𝑦 plane. Adapted from Gallmann.131
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(a)

(b)

Figure 7.3 – Measured flow velocity map within the inner liner structure. Graph (a) shows the
vertical mapping in the 𝑧𝑧 − 𝑦𝑦 plane and graph (b) shows the horizontal mapping in 𝑥𝑥 − 𝑦𝑦
plane.131

Figure 7.3 shows the measured flow velocity map within the IL structure. Here as well, the
gradient in negative 𝑧𝑧-direction is visible, while the gradient in 𝑦𝑦-direction is less pronounced; see Figure 7.3 (a). At the position 𝑧𝑧 = 0 and 𝑦𝑦⁄𝐿𝐿𝐹𝐹 =1 at the laser focus, velocity
magnitudes |𝑢𝑢⃑| in the range of 100 − 120 m/s are anticipated. The resulting Mach numbers
for the characterised macroscopic flow field are therefore subsonic with Ma < 0.4. Supersonic velocities after the circular Laval nozzle are expected, but were not confirmed by the
experimental measurements.
Figure 7.4 depicts the projected velocity vectors. The flow pitch can be seen in Figure 7.4
(a) and the flow yaw angles are shown in Figure 7.4 (b). As expected, the flow moves mainly
from the gas injection region towards the vacuum manifold. Again, the diving flow is visible
in the vertical measurement plane. Figure 7.4 (b) also shows the expanding gas jet with
diverging yaw angles.
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(a)

(b)

Figure 7.4 – Projected flow velocity vectors. Graph (a) shows the projected vectors in the vertical
plane, the 𝑧𝑧 − 𝑦𝑦 plane, and graph (b) shows the horizontal projection in 𝑥𝑥 − 𝑦𝑦 plane, adapted
from Gallmann.131

Numerical results
To verify the experimentally-measured quantities and qualitatively further understand the
flow behaviour, the flow domain was modelled with the transitional flow interface of the
commercial solver COMSOL Multiphysics 5.4.211 The fluid domain was modelled as a
transitional flow since the anticipated Knudsen numbers are in the transitional flow regime
for characteristic length scales in the millimetre to centimetres range. The transitional flow
module uses the lattice Boltzmann model to solve the BGK kinetic model equations,212 a
simplified form of the general Boltzmann equations. For the BGK equations, the collision
integral accounting for the binary intermolecular collisions is replaced by a simplified term,
implying constant relaxation times for all velocities to return to equilibrium. The greatly
simplified collisional term only depends on a single relaxation time or collision frequency
with a fixed Prandtl number, and thus restricts the model to presenting either the viscosity
or the thermal conductivity correctly. COMSOL Multiphysics in the transitional flow interface models the correct viscosity and therefore restricts simulations to isothermal flows.211
Flow expansion through a Laval nozzle violates the isothermal assumption, and simulated
values should thus be interpreted with caution. By neglecting the temperature decrease
through flow expansion, the simulation is likely to underestimate pressure and overestimate
the velocity magnitude.213 Experimentally, the static temperature change across the nozzle
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was measured with a temperature sensor ranging from 21.9°C nozzle upstream to 19.1°C
downstream.131 Hence, the assumption of an isothermal flow was considered a reasonable
approximation. The fluid domain was modelled 2-dimensionally, with the molecular flow
boundary conditions of the inlet and outlet being defined as mass flows and given by the
vacuum pump in use, and the injected mass flow rate taken from the mass flow controller.
The wall condition is simulated such that all impacting molecules are emitted diffusely. The
simulation convergence was judged based on the residual error, with a default error tolerance of 10−10 . A convergence study was performed, where the velocity quadrature and mesh
size were found not to change the final result by further increasing the quadrature or number of nodes. The domain was defined within the COMSOL interface and the automated
meshing tool was used and refined until the accuracy of the result no longer improved with
further cell reduction.
To compare the experimentally measured values of flow velocity 𝑢𝑢, total 𝑝𝑝𝑡𝑡 and static pressure 𝑝𝑝𝑠𝑠 were used. Here, the measured values on the 𝑥𝑥 − 𝑧𝑧 plane were averaged to account
for the flow gradient in vertical direction, while the simulated values were average along the
𝑥𝑥-direction.
Figure 7.5 (a) shows the averaged simulated and experimentally measured pressure distributions along the laser-axis in 𝑦𝑦-direction. The simulated pressure distributions of total and
static pressure both agree well in the downstream area of the flow, with the ratio 𝑦𝑦⁄𝐿𝐿𝐹𝐹
ranging from 0.7 to 2. On the other hand, the simulation appears to underestimate the total
and static pressure close to the nozzle exit, with a maximum discrepancy of ~30% relative
to the experimental values. Figure 7.5 (b) shows the average velocity, which agrees with the
experimental values in the vicinity of the laser focus with a 𝑦𝑦⁄𝐿𝐿𝐹𝐹 range of 0.6 to 1.5. The
largest discrepancy is visible after the nozzle expansion, where the simulation generates
higher magnitudes, with a disagreement of around 30%.
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(a)

(b)

Figure 7.5 – Comparison of simulated and measured gas flow properties. Graph (a) shows the
total and static pressure, and graph (b) shows the flow velocity along the y-axis. Adapted from
Gallmann.131

Influence of liner structure on gas flow
Finally, the influence of the liner integration is assessed in comparison with the status quo
source operation and free-standing operation. Free-standing refers to free-standing plasma
source operation and will be used in subsequent sections as a reference to status quo source
operation without the integrated liner system. To compare both systems, the same Laval
nozzle in front of the focusing optics was used, with an equivalent mass flow rate was used.
Figure 7.6 shows the influence of the liner integration onto the averaged pressure distribution and the flow velocity in the area of the inner liner structure. Figure 7.6 (a) shows a
slightly lower average static and total pressure for the liner integrated system operation. The
average velocity shown in Figure 7.6 (b) in the inner liner structure shows a distinct decrease
when compared to free-standing source operation. Close to the nozzle exit, the average flow
velocities coincide at around 100 m/s. Further downstream, they start to diverge.
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(a)

(b)

Figure 7.6 – Comparison of free-standing on liner integrated measurements. Graph (a) shows
the total and static pressure, and graph (b) shows the flow velocity along the 𝑦𝑦-axis. Adapted
from Gallmann.131

A distinct feature of the flow distribution is the flow restriction imposed by the beam dump.
The beam dump increases the gas pressure in the area of 𝑦𝑦⁄𝐿𝐿𝐹𝐹 > 2, which is also evident
from the pressure measurements shown in Figure 7.6 (a). Thus, the imposed flow restriction
imposed by the laser beam dump at least partially causes the flow velocity to drop. This
statement was confirmed with measurements performed by Gallmann,131 who repeated
measurements with an integrated liner system but without beam, and recorded velocities
close to the free-standing operation. Some of the gas flow exits the inner liner structure
through the rear tracking window openings. Since the performed simulations are two-dimensional, this effect is overrepresented, as the tracking opening ratio of the lateral to the
azimuthal direction is ≪ 1.
Figure 7.7 (a) shows the numerical results of the flow velocities within the inner- and outer
liner structure. An important difference in the flow field, illustrating the flow confinement
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aspect of the liner design in comparison with the free-standing operation, can be seen in the
flow stream lines depicted in Figure 7.6 (b). Pronounced vortex generation becomes visible
for the free-standing source operation.

(a)

(b)
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Figure 7.7 Flow velocity mapping, simulated with the transitional flow interface of COMSOL
in a 2D domain.131 Graph (a) shows the numerical results for the flow field with inner- and outer
liner and graph (b) shows the flow field without integrated liners or free-standing vacuum chamber.

7.2.2

Rotating debris shutter

In this section the feasibility for a mechanical debris chopper system was explored for an
LPP source up to a 20 kHz repetition rate. In contrast to more commonly used foil traps,
here the mechanical debris shutter was inspired by an optical chopper system with the virtue
of having no EUV transmission losses during ideal operation. Typical foil traps have an
EUV transmission of 73% - 80%.36,214 This debris mitigation method was developed over
the course of a project with Rossi at LEC.215

7.2.2.1

Conceptual system overview

In this particular chopper design the velocity difference between light emission and matter
expansion is facilitated to mitigate debris emanating from the plasma region. A high-speed
rotational disk with multiple openings is synchronized with the plasma generation in the
kHz region. A schematic overview of the rotational mechanical debris chopper system is
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shown later in section 7.5.1. The rotational shutter disk is positioned between the plasma
and the EUV reflecting optics. In the light frame of reference, the mechanical chopper appears stationary while in the debris frame of reference the chopper system starts to close
while debris expands from the laser focus towards the collection optics.

7.2.2.2

Design requirements

The primary performance indicators are EUV transmission and the reduction of the
amount of detrimental debris reaching the EUV collecting surfaces. For this optical chopper
system, the aim is to not interfere with the pulsed EUV light, but only to interact with the
expanding plasma debris. Therefore, the performance parameters reduce to debris mitigation efficiency. The mechanical debris shutter shall therefore comply with the following
functional requirements:
• The system shall reduce the plasma debris load on the EUV collection optics without
compromising the extracted EUV light emission.
• The system shall comply with an operating frequency between 6 to 20 kHz.
• The system shall comply with a minimum EUV extraction solid angle.
• The system shall account for typical temporal variability of the droplets.
• The system shall comply with the current geometrical constraints including system
critical diagnostics.

7.2.2.3

Design parameter space

The design parameter space is defined by the design requirements and the system design
degrees of freedom. For this design the following degrees of freedom were identified:
• Rotational speed of disk 𝜔𝜔𝑑𝑑
• Rotational disc radius 𝑅𝑅𝑑𝑑
• Projected radial distance of mechanical shutter to plasma 𝑟𝑟𝑝𝑝
• Optical opening shape and radius 𝑟𝑟𝑜𝑜,𝑖𝑖
• Shutter wall dimension and shape
• Number of optical openings per rotations 𝑛𝑛𝑤𝑤
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The degrees of freedom are illustrated in the Figure below, where 𝜑𝜑𝑜𝑜 is the polar angle of
the optical opening and 𝜑𝜑𝑤𝑤 is the polar angle of the shutter wall.

𝑟𝑜

𝜑𝜑𝑜

Figure 7.8– Schematic of rotating shutter disc geometrical parameters.

Since the current concept implies the discrete opening and closing of an optical passage, the
system must have a low and high velocity limit if particulates are to be stopped. Therefore,
in a first step, the stoppable particle velocity bandwidth dependence on the design degrees
of freedom is explored. The maximum stoppable particle velocity, or upper particle velocity
limit, is 𝑣𝑣𝑈𝑈 ≤ 𝜔𝜔𝑑𝑑 𝑟𝑟𝑝𝑝 ⁄𝜑𝜑𝑜𝑜 . The size of the optical opening is determined by the EUV collection solid half angle 𝜃𝜃𝐶𝐶 . The velocity bandwidth 𝑣𝑣𝑝𝑝,𝐵𝐵 of the blocked plasma particles is
given by:215
𝑣𝑣𝐿𝐿 ≤ 𝑣𝑣𝑝𝑝,𝐵𝐵 ≤ 𝑣𝑣𝑈𝑈

(7.2)

𝜔𝜔𝑑𝑑 𝑟𝑟𝑝𝑝
𝜔𝜔𝑑𝑑 𝑟𝑟𝑝𝑝
≤ 𝑣𝑣𝑝𝑝,𝐵𝐵 ≤
𝜑𝜑𝑤𝑤
2 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝑟𝑟𝑝𝑝 𝑡𝑡𝑡𝑡𝑡𝑡(𝜃𝜃𝐶𝐶 )⁄(𝑅𝑅𝑑𝑑 − 𝑟𝑟𝑝𝑝 𝑡𝑡𝑡𝑡𝑡𝑡(𝜃𝜃𝐶𝐶 )))

(7.3)

A consequence of this equation is the correlation between the number of particles blocked
and the geometrical constraints 𝜑𝜑𝑤𝑤 and 𝜑𝜑𝑜𝑜 . If 𝜑𝜑𝑤𝑤 ≤ 𝜑𝜑𝑜𝑜 , no velocity bandwidth exists in
which all particles can be blocked. For a fixed EUV light collection angle, the maximum
particle inhibition velocity is limited by the disk rotational speed, which in turn is restricted
by the induced mechanical loads. The induced stresses are mainly determined by the centrifugal loads. To reduce stresses induced by the centrifugal loads, two design parameters
may be optimized. First, the disc shape can be tapered in the radial direction, and second,
materials with high yield strength 𝜎𝜎𝑌𝑌 to material density 𝜚𝜚 ratios are desirable. Fibre-reinforced composites would be an interesting option, but prove to be difficult to implement
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in a vacuum environment with thermal loads. Hence, only metallic alloys are considered
for this design study. To minimize system complexity while maximising the circumferential
speed, an increase in disk size is desirable. The maximum disk size is mainly determined by
the geometrical constraints of the currently used vacuum chamber, in combination with the
lateral placement of diagnostics and the EUV collector position. Another parameter to consider is the added complexity of manufacturing slender, tapered disks with a larger diameter.

7.3

Study I: Liner system – a comparative study

In this first study, the impact of liner introduction was assessed in a comparative study to
evaluate the impact on debris mitigating effects on surfaces in and out of line-of-sight, as
well as debris removal capability.

7.3.1

Experimental setup

Figure 7.9 shows a detailed description of the experimental setup. Figure 7.9 (a) presents
the free-standing, or baseline, source operation, while Figure 7.9 (b) shows the equivalent
setup but with the two convoluted liner structures of inner- and outer liner (IL & OL).
Two silicon samples, 10 × 10 mm, were exposed to a defined number of EUV emitting
plasmas in free-standing and liner-integrated operation. The samples were positioned to
quantify a possible EUV collector position (Sample 1) and the droplet-tracking optics (Sample 2) in laser backward direction. Sample 1 was positioned at a radial distance of 𝑟𝑟𝑝𝑝 = 200
mm and a negative lateral angle of 𝛾𝛾 = 75°, while Sample 2 was positioned at a negative
lateral angle of 𝛾𝛾 = 135° and a radial distance of 𝑟𝑟𝑝𝑝 = 690 mm. An overview of the source
operating conditions for free-standing and liner integrated operation are presented in Table
4. The presented values are 4 ms time-averaged and sampled at 2 S/s. The EUV diode
current was post-processed by a fast, sub-nanosecond integrator chip.

164

Debris management of droplet-based laser-produced plasma sources

Vacuum chamber

Emon A

Emon B

(a)

CCD
Beam dump

Flash
lamp

Vacuum
manifold

°
7 54

°
135

(b)

Liner
system

Figure 7.9– Schematic sectional top views of the experimental setup during comparative sample
exposure tests. Setup on top (a) shows the free-standing plasma setup and bottom (b) shows the
setup with the integrated liner system, including the inner- and outer liner. Apart from inner
and outer liner integration, sensor and sample placement remained unchanged. Two samples
were placed at 𝛾𝛾 = −75° and −135°, with radial distances to the plasma of 𝑟𝑟p = 200 and 690
mm respectively. Two EUV energy monitors were placed symmetrically at 𝛾𝛾 = ±75° to assure

symmetric droplet irradiation. A CCD camera with a strobed flash lamp was positioned perpendicularly to the laser axis to assure constant target size between test cases.
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The two symmetrically arranged EUV energy monitors were used to ensure symmetric
droplet irradiation prior to sample exposure. A CCD camera with a strobed flash lamp was
used to measure the droplet diameter during sample exposure. The typical uncertainty of
the droplet diameter is around 3% due to image blur. The vacuum chamber pressure was
measured with two vacuum gauges. A slight increase in vacuum chamber pressure was visible after liner integration, but was within the measurement uncertainty (15%) of the pressure transducers.

Table 4: Overview of experimental conditions during source operation.

Laser operating

Droplet stability and

point

droplet diameter

𝒇𝒇𝑳𝑳𝑳𝑳 ⁄𝒇𝒇𝑳𝑳𝑳𝑳

𝟑𝟑𝟑𝟑𝒕𝒕𝒕𝒕 ⁄𝟑𝟑𝝈𝝈𝒕𝒕𝒕𝒕 𝟑𝟑𝟑𝟑𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚 ⁄𝟑𝟑𝝈𝝈𝒙𝒙𝒙𝒙,𝒚𝒚𝒚𝒚 𝒅𝒅𝑫𝑫𝑫𝑫 ⁄𝒅𝒅𝑫𝑫𝑫𝑫

1: Free-standing

1

1

1

1

2: With IL & OL

0.99

1.182

0.72

1.06

The samples were exposed to a defined number of plasma pulses with an uncertainty of <
1% limited by the solenoid inertia. After plasma exposure, the samples were unmounted
and analysed by optical microscopy. This study focused on the difference of surface coverage
between the baseline source operation (free-standing) and the liner integrated source operation.

7.3.2

Experimental results

7.3.2.1

Sample exposure at EUV collection optics position

Figure 7.10 shows the results of the post-processing of sample 1, positioned at EUV collector representative positions (𝛾𝛾 = 75° and 𝑟𝑟𝑝𝑝 = 200 mm). The surface density 𝑆𝑆𝑣𝑣 as a function of fragment size was calculated based on images taken by an optical microscope at two
different magnifications, namely × 20, shown in Figure 7.10 (a), and × 50, shown in Figure 7.10 (b).

166

Debris management of droplet-based laser-produced plasma sources

The distribution of particles, excepting large particles, was similar for both experimental
setups, with a significantly reduced coverage ratio for inner- and outer liner integrated (with
IL & OL) operation. Large particles with 𝑑𝑑𝑝𝑝 ⁄𝑑𝑑𝐷𝐷 > 0.16 were only detected in free-standing source operation.
The particle-area-coverage (PAC) was calculated for both magnifications and for free-standing PACF and liner-integrated PACL source operation. Reductions in PAC by factors of
~29 and ~17 were found for the low-magnification and the high-magnification case, respectively.

(a)

(b)

Figure 7.10– Surface density plot, calculated from optical microscope images with a magnification of (a) × 20 and (b) × 50.
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7.3.2.2

Sample exposure of non-line-of-sight optics in laser backward di-

rection
The mitigation of non-line-of-sight optics is relevant for non-plasma diagnostics. The reduction in surface density is mainly caused by the possibility to physically block the lineof-sight. Thereby, reducing the distance from plasma to obstructing surface improves the
effect of fragment load reduction. In particular, larger droplet fragments, which tend to be
highly directional, are expected to be reduced.

Figure 7.11– Surface density plot, calculated from optical microscope images with a magnification of × 20.

This anticipation was confirmed by the experimental measurements as shown in Figure
7.11, which show that particles larger 0.17𝑑𝑑𝐷𝐷 were only present for the free-standing source
operation. The overall reduction in particle-area-coverage due to the introduction of the
liner structure was over a factor of 50.

7.3.2.3

Residual target and debris removal performance

In a long-term system test, the system was operated continuously for around 17 hours. The
fuel target mass placed in the droplet dispenser was measured before and after the long-term
test. The total fuel mass collected by the tin trap was measured after the test, revealing that
almost all of the introduced mass flow could be extracted in its liquid form at the bottom
of the tin trap.
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7.4

Study II: Life-time assessment of EUV collection op-

tics
In addition to the comparative study, a mirror life-time assessment with the liner integrated
debris management system was also performed. †

7.4.1

Experimental setup

Here, the EUV light source was operated at nominal conditions for a time period of about
14 hours of continuous operation, with a pulse number equivalent of about 0.4 billion
pulses. The samples were measured before and after the sample exposure to ensure that the
determination is of the change due to the plasma exposure and not to the debris introduced
previously.
The experimental source setup during the grazing incidence sample testing is shown in Figure 7.12. The two 1” ruthenium grazing incidence samples were placed in a specially designed stainless steel casing at a radial distance of 𝑟𝑟p = 200 mm and 400 mm and at a
lateral angle of 𝛾𝛾 = −72° and −78°, with a chief ray angle CRA = −75°, with the lase
axis as the origin. The source was operated under nominal operating conditions at a plasma
frequency 𝑓𝑓L = 7 − 8 kHz, and the EUV stability was monitored with an EUV sensor at
a lateral angle of 𝛾𝛾 = 75°. The static pressure in the vacuum chamber was monitored with
three pressure transducers in the vicinity of the EUV sensor. The argon vacuum chamber
pressure was 𝑝𝑝𝑠𝑠 = 1.6 × 10−1 mbar.

†

The lifetime assessment of the first bounce collector mirror was performed in collaboration

with Zeiss, whom performed the sample analyses presented in section 7.4.2 and agreed to
publish the data within this thesis. Marco M. Weber provided support with measurement
for the lifetime studies as a part of his doctorate.
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After plasma exposure, the samples were unmounted and post-processed by the set of diagnostic tools introduced in section 3.4. First, a purely visible inspection was conducted. Second, two microscopy measurements were performed to allow for different resolutions
Thereby, an optical microscope and a scanning electron microscope (SEM) with an energydispersive X-ray was used. For both measurements, the particle area coverage (PAC) was
calculated, based on which the estimated mirror lifetime was calculated by linear extrapolation. To assess the influence of erosion on the ruthenium sample, EUV reflectometry measurements were also performed.
72
°

Vacuum chamber

6°

EUV sensor

Liner
system

Vacuum
manifold

200

400

Figure 7.12– Schematic sectional top view of the experimental setup during grazing incidence
sample testing. The EUV sensor on the left-hand side was placed at 𝛾𝛾 = 75°. The 1” ruthenium
samples were positioned at a chief ray angle of 𝛾𝛾 = −75° (−72° and −78° respectively) and
radial positions 𝑟𝑟𝑝𝑝 of 200 and 400 mm with respect to the plasma position.

7.4.2

Experimental results

The efficacy of the developed and integrated liner system was tested based on an extensive
sample exposure study in which the lifetime of the first bounce collection optics was assessed. Typically, EUV collecting mirrors are configured in either a normal or grazing incidence configuration. For this lifetime study, samples were exposed in a grazing incidence
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configuration such that pre- and post-measurements were conducted by focusing on particulate deposition
The results presented here stem from sample analysis conducted by Zeiss before and after
testing. Figure 7.13 shows images taken of both samples, where light in a grazing incidence
is used to make the debris contamination better visible. The sample on the left-hand side
(a) was located at a distance 𝑟𝑟P = 200 mm. The sample on the right-hand side (b) was
located at a distance 𝑟𝑟P = 400 mm. Both samples show some signs of debris coating. Even
in this representation, it can be qualitatively established the sample closer to the plasma
source is coated more severely.

Figure 7.13– Images of 1” ruthenium samples after 14 hours of exposure with a pulse equivalent
of about 0.4 billion pulses. (a) shows the sample exposed at a radial distance 𝑟𝑟P = 200 mm and
(b) shows the sample exposed at a radial distance 𝑟𝑟P = 400 mm. Both samples are shown together
in the centre panel to illustrate the difference.

7.4.2.1

Optical microscopy

Figure 7.14 shows the images taken for the sample exposed at a radial distance 𝑟𝑟P = 200
mm. Directional debris formation pointing from bottom left to top right is apparent, especially for images at higher magnification. The elongated debris ranges in size from 8 to 50
µm. Therefore, the visible debris appear to be liquid droplet fragments which solidified
while impinging on the sample surface. Arguing based on Newtonian mechanics, droplet
fragments in the observed dimensions can only be ejected in the laser forward direction
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(𝛾𝛾L < 90°) through a significant offset of the droplet versus the laser focus volume in the

lateral or vertical direction. Thus, fragments ejected in the laser forward direction usually
originate from single events during which a target was significantly misaligned with the laser
focus volume. A strong misalignment also implies slower velocities for the ejected droplets.
The effects of offsetting the droplet with respect to the laser focus volume is discussed in
greater detail in Chapter 5. Intentional droplet offset is expected to further reduce the fragment load on sensitive surfaces, which was not exploited in this study.

(a)

(b)

(c)

(d)

Figure 7.14– Optical microscopy images of exposed sample at a radial distance of 200 mm. Top
left image (a) has a total dimension of 2700 x 2145 µm. The remaining images (b), (c) and (d)
were taken with a higher magnification and show images at different positions on the sample
with a total dimension of 270 x 214.5 µm. The red markers indicate 200 µm for the top left
image (a) and 20 µm for the remaining three images respectively.

Based on the images shown in Figure 7.14 (a), binary images were computed to calculate
the particle-area-coverage (PAC) in percentage terms. For the sample exposed at 200 mm,
two binary images were calculated, shown in Figure 7.15. The first, shown in in Figure 7.15
� P𝑖𝑖 ranging from 0 to 0.7, into ac(c), takes only elongated particles, with a circularity 𝑅𝑅
count. While taking into account only elongated fragments a PAC of 0.84% was calculated. The second analysis, shown in Figure 7.15 (b), neglects circularity and takes all debris
particles into account. The second calculation may therefore be an overestimation, with a
PAC of 1.5%.
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Figure 7.16 shows the images taken for the sample exposed at a radial distance 𝑟𝑟P = 400
mm. Qualitatively, the sample shows significantly fewer particles. Moreover, directional
debris formation is not visible on the sample exposed at 400 mm when examined with
optical microscopy.
Figure 7.17 shows the same particle-area-coverage calculation based on the binary image
for the 400 mm sample. Since no elongated particles were detected at the resolution of the
optical microscope, only one binary image was created. For this sample, a PAC of 0.1%
was calculated.

(b)

(a)

(c)

Figure 7.15– Particle-area-coverage calculation based on binary image of sample deposition of
sample exposed at a radial distance of 200 mm, analysed by optical microscope.
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(a)

(b)

Figure 7.16– Optical microscopy images of the exposed sample at a radial distance of 400 mm.
The left image has a total dimension of 2700 x 2145 µm. The right image (b) was taken at a
higher magnification and has a total dimension of 270 x 214.5 µm. The red markers indicate
200 µm for the left image (a) and 20 µm for the right image (b) respectively.

Figure 7.17– Particle-area-coverage calculation based on a binary image of sample deposition on
sample exposed at a radial distance of 400 mm and analysed by optical microscope.

7.4.2.2

Electron-scanning microscopy

In the next step, the samples were analysed by means of a SEM. The corresponding results
are shown in Figure 7.18 for the 200 mm sample and Figure 7.19 for the 400 mm sample.
Again, a PAC analysis was performed, resulting in a PAC of 1.02% for the 200 mm sample
and a PAC of 0.035% for the 400 mm sample.
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Figure 7.18– Scanning-electron microscope (SEM) image, including the binary image, for the
particle-area-coverage calculation for the sample exposed at a radial distance of 200 mm.

Figure 7.19– Scanning-electron microscope (SEM) image, including the binary image, for particle-area-coverage calculation for the sample exposed at a radial distance of 400 mm.

Figure 7.20 shows detailed images of directional fragment formation on the sample surface.
After fragment impact, the debris shrink to single droplets, as can be observed in Figure
7.20 (b). The directional debris were analysed in more detail by means of the SEM's in-line
mode. The same image is shown for normal (Figure 7.21 (a)) and in-line measurement
(Figure 7.21 (b)). As indicated by the white arrows in Figure 7.21 (b), a residual tin layer
of a few nanometres remains between the single droplets. This is relevant, as just a few
nanometres of tin already reduce the reflectivity drastically. A layer thickness of just 1 – 5
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nm would result in a reflectivity reduction of 13 – 57%, since the EUV light needs to pass
through the nano-layer twice.
With the SEM-EDX, elongated particles or directional debris could also be documented
for the 400 mm sample, as shown in Figure 7.22. The number density of elongated debris
formation on the 400 mm sample is, however, significantly lower than for the 200 mm
sample.

(a)

(b)

Figure 7.20– Detailed SEM-EDX images of a sample exposed at a radial distance of 200 mm,
with a focus on elongated debris formation at a magnification of 6k (a) and another particle
formation at a magnification of 13.3k

(a)

(b)

Figure 7.21– Detailed SEM-EDX images of a sample exposed at a radial distance of 200 mm.
The focus is on elongated debris formation at a magnification of 30k, without in-lens mode (a)
and the same image with in-lens mode (b).
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(a)

(b)

Figure 7.22– Detailed SEM-EDX images of sample exposed at a radial distance of 400 mm.
Focus on elongated debris formation for the same particle at different magnifications. (a) at a
magnification of 5k and (b) at a magnification of 24.3k.

Table 5 gives an overview of the presented results. The optical microscopy images resulted
in higher PAC values for both samples. The sample exposed at 400 mm exhibited debris
coverage 1–2 orders of magnitude lower. It must be pointed out that the PAC factor may
not be the best way to compare the debris load on samples of different radial distances, since
the mirror surface scales to the square for a given solid angle 𝛺𝛺. Doubling the radial distance
to the plasma should therefore reduce the PAC by a factor of four solely due to surface
scaling. This surface scaling was compensated for in the second column of Table 5 to the
radial distance 𝑟𝑟P = 200 mm. But even for surface-scaling compensated PAC, the 400
mm sample shows a lower deposition by a factor of 2 to 3.8 for the optical microscopy
measurements and a factor of 7 for the SEM measurements. This implies that surface scaling
alone is not responsible for the reduced surface coverage. A potential explanation for this
behaviour may be a better performance of the debris mitigation strategy at larger distances
𝑟𝑟P >200 mm.
Up to this point, considerations ignored the implied EUV transmission losses, which only
scale linearly with radial distance. Further aspects that need to be taken into account include
the increasing technical difficulty of manufacturing larger and larger EUV mirrors which
also implies increased initial investment requirements.
Considering particle coverage as the mode of failure, a reflectivity reduction of 10% is expected after 2.5 – 4.5 Gp for a GI mirror placed at 200 mm and 38 – 100 Gp for a GI
mirror placed at 400 mm for the given experimental setup. With the typical source operational frequency, this corresponds to 38 up to 100 days of operation.
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Table 5: Summarized PAC results from grazing incidence sample testing including solid angle
compensated PAC results and extrapolated mirror lifetime.

𝒓𝒓𝐏𝐏
(mm)

𝐏𝐏𝐏𝐏𝐏𝐏 after

𝐏𝐏𝐏𝐏𝐏𝐏, surface-scaling

Extrapolated mirror life-

0.38 Giga pulses

compensated after

time for 𝐏𝐏𝐏𝐏𝐏𝐏 = 𝟏𝟏𝟏𝟏%

(Gp)

0.38 Gp

(Gp)

(%)

(%)

Optical

Optical

micros-

SEM

copy

microscopy

200

1.5 / 0.84

1.02

400

0.1

0.035 0.4

7.4.2.3

SEM

1.5 / 0.84

Optical
microscopy

SEM

1.02

2.5 / 4.5

3.7

0.14

38

100

EUV reflectometry

The results from the EUV reflectometry measurements are shown in Table 6. No reflectivity change could be detected due to insufficient measurement accuracy. For debris surface
coverage of less than ~1%, no reflectometry changes are anticipated, and thus confirm the
findings of the surface coverage analysis with the SEM and with optical microscopy.
Table 6: Results for the EUV reflectometry measurements after exposure for the 200 and 400
mm sample

7.5

𝒓𝒓𝐩𝐩 (mm)

200 mm

400 mm

𝐝𝐝𝑹𝑹 ⁄𝑹𝑹 (%)

0.25

-0.34

Study III: High frequency mechanical shutter opera-

tion
The third experimental study investigated the possibility of operating a mechanical shutter
system during multiple kHz source operation in order to reduce the debris load without
imposing EUV transmission losses.
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7.5.1

Experimental setup

The experimental setup of this study is shown in Figure 7.23. The mechanical debris shutter
design was mounted inside the ALPS II chamber at a lateral angle of 𝛾𝛾 = 75° with respect
to the laser axis at a radial distance of 𝑟𝑟𝑝𝑝 = 91.5 mm for the shutter blade and a radial
distance of 𝑟𝑟𝑝𝑝 = 100 mm for the silicon samples. An EUV sensor was placed downstream
the beam path and in line of sight of the debris shutter. An E-mon was placed in the second
hemisphere at a negative lateral angle of 𝛾𝛾 = −90° to serve as a reference sensor. Two
polished 10x10 mm silicon sample were exposed to the plasma simultaneously while the
two EUV-sensitive detectors were measuring the number of pulses. The lower sample was
positioned behind the rotating shutter, while the second sample was positioned at the same
radial distance to the plasma, but at an increased azimuthal angle. Both samples were
mounted on a stepper drive and positioned behind the mechanical debris shutter once the
operational points of the source and the mechanical debris shutter were reached and synchronized. The difference in detected EUV emitting pulses was used to evaluate the synchronization of the debris shutter with the plasma generation. The laser was operated at a
constant frequency of 𝑓𝑓𝐿𝐿 = 6 kHz to enable the synchronization of the mechanical debris
shutter with the plasma generation.
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Figure 7.23– Schematic view of the experimental setup of the sample exposure tests with the
mechanical debris shutter design.

7.5.2

Experimental results

Two silicon samples were exposed simultaneously, one protected by the mechanical debris
shutter and the other directly exposed to the plasma source. In this setup, the laser operated
under a constant frequency of 6 kHz and the debris shutter was synchronized to the operating frequency. The synchronization was monitored by comparing two EUV detectors:
one sensor was positioned behind the debris shutter, while the second EUV energy monitor
was in direct line-of-sight with the plasma.
During operation, only part of the direct line-of-sight EUV pulses also reached the EUV
sensor protected by the debris shutter. The ratio of overall generated EUV pulses to EUV
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pulses transmitted through the mechanical debris shutter resulted in an EUV transmission
of 65%.

(a)

(b)

Figure 7.24– Binary image of (a) exposed sample 1 and (b) sample 2 protected by the mechanical
debris shutter. Both silicon samples were imaged with an optical microscope and exposed to the
same number of plasma pulses.

In addition to the synchronization, the debris mitigation efficiency was also evaluated based
on the particle-area-coverage ratio of the exposed samples. Figure 7.24 shows two binary
images created from images captured by an optical microscope at a magnification of 𝑀𝑀 =
5. For post-processing, 14 images were stitched and evaluated. Here, too, the black spots
indicate particle coverage while the white surface represents the clean sample. Since the
debris shutter was not fully synchronized with the plasma generation, this mismatch had to
be accounted for. The particle-area coverage of the sample protected by the debris shutter
was 5.9 times lower than the PAC of the directly exposed sample.

7.6

Summary

Two debris mitigation concepts, namely a liner debris management system and a mechanical shutter system, were developed, integrated, and tested. The patented liner debris management system serves several purposes. First and foremost, the system was developed to
protect sensitive surfaces within the vacuum chamber, including all optical, line-of-sight,
and non-line-of-sight surfaces. In addition to the protective aspect of the design, the removal of the source fuel and its possible recycling is a key feature of the proposed design.
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The buffer gas flow within the liner system was characterized with an aerodynamic 4-HP
probe, which was developed in-house and which quantified the pressure, flow angles, and
velocity magnitude. To validate the performed measurements, the buffer gas flow was numerically modelled as a two-dimensional transitional flow. A reasonable agreement between
experimental and numerical results was found.
A main feature of the developed design is the efficient removal of fuel material, in liquid
form. This requires the high temperature core to reach temperatures in excess of the target
material melting point. This characterization showed that the temperatures remained above
the melting point of the target material, while maintaining a temperature below the maximum operating temperature of the selected liner material. The key thermal requirements
related to fuel mass flow and the thermal integrity of source components are fulfilled for
the existing design.
The efficiency of the debris mitigation capability was demonstrated in two experimental
studies. First, a relative comparison between baseline operation and liner integrated source
operation was performed, in which samples were exposed at different critical locations. The
surface coverage of the samples at a mirror representative position showed a reduction in
particle-area-coverage by a factor of 23. The non-line of sight optics in the laser-backward
direction could be protected mainly through a trivial shadowing effect, and reduced the
particle-area-coverage by a factor of 50. In a second study, a life-time assessment of two
mirror representative samples was performed in grazing incidence configuration at the two
radial distances of 200 and 400 mm. After 14 hours of plasma exposure or around 0.4
billion plasmas, the mirror samples at 200 and 400 mm distance showed a particle area
coverage of 1.5 and 0.1% respectively. EUV reflectometry measurements showed no significant change in EUV after sample exposure. Considering particle coverage as the mode of
failure, a reflectivity reduction of 10% is expected after 2.5 – 4.5 Gp for a GI mirror placed
at 200 mm and 38 – 100 Gp for a GI mirror placed at 400 mm for the given experimental
setup.
The second mitigation approach included the development, integration and testing of a
mechanical debris shutter operating at a source frequency of multiple kHz. This system was
mechanically designed to be operated at a rotational velocity of over 25 krpm and a tip
speed larger than 320 m/s.
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The developed mechanical debris shutter was then tested and found to reduce EUV transmission to 65%, due to mismatched synchronization. By taking into account the decreased
transmission, a reduction in surface coverage by a factor of 5.9 was measured after sample
exposure. With the introduction of this system, a proof-of-concept was performed and vibrational level and system synchronization were shown to be the primary limitations of the
current design.
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Chapter 8 Conclusions, industrial implications and recommendations for future work
This thesis investigated in the first part of this work the debris emission specific to spherical
Nd:YAG irradiated targets. Three separate debris emission studies were presented including
the assessment of ion expansion and fragment load in lateral expansion direction, the droplet-specific non-axisymmetric spherical target irradiation and ion emission under different
ambient conditions.
The second part of this thesis studied two debris management approaches. Both introduced
systems were characterized and their performance based on their ability to improve source
run- and lifetime was assessed. The efficiency of the novel liner system was demonstrated
in a comparative evaluation based on surface coverage and a comprehensive life-time study
of ruthenium samples in a grazing incidence configuration. In this chapter the main conclusions and the implications in for application are presented, whereas the summary of the
results is given at the end of each chapter.

8.1

Conclusions and industrial implications

8.1.1

Debris emission of droplet-based laser-produced plasmas in

lateral direction
Ion expansion dynamics and recombination in the centimetre range, in lateral expansion
direction in ambient gas from Nd:YAG irradiated droplet targets was studied by means of
an electrostatic probe array. Forward peaked ion density was demonstrated in lateral expansion direction. Also forward peaked ion kinetic energies were shown experimentally, consistent with literature, with a constant ion bulk velocity in the measurement range. The
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measured surface coverage load, quantified by sample exposure, was shown to follow an
exponential distribution increasing towards laser backwards direction. A numerical model
was introduced to emphasize the dominant processes during ion expansion and compared
to the experimentally measured ion density. A finding of this study was that the main driving ion rarefaction mechanism for the ion bulk is caused by the three-dimensional plasma
expansion and not by the recombination for measurement distances in the centimetre range.
In terms of light source application, the presented findings imply electrostatic and magnetic
debris mitigation approaches are less effective for Nd:YAG irradiated droplets under the
given experimental conditions due to the efficient recombination taking place within few
centimetres. Placement of EUV collector mirrors in non-axisymmetric configurations relevant for metrology applications is limited in the laser backwards direction by the reflectivityreducing effects of surface coverage and in the laser forward direction by erosion effects of
atomic high-kinetic-energy particles. Hence, for lifetime-optimising non-axisymmetric
EUV-collecting mirror placement, lateral angles > 90° with respect to the laser axis should
be avoided. The quadratic distribution of ion bulk kinetic energy with decreasing lateral
angle in combination with the static pressure of the gas in use define the minimum angle
still feasible to avoid erosion in laser forward direction, while maximising EUV emission.

8.1.2

Non-axisymmetric droplet-irradiation and effects on ionic

emission
Misaligning the tin droplet from the symmetric irradiation position fundamentally changes
the debris emission pattern, including droplet fragments, ions, and the EUV emission itself.
In this study the ion and EUV emission was mapped simultaneously as a function of droplet
offset for the first time. The ion kinetic energy, density and EUV emission were experimentally measured in lateral direction as a function of droplet offset. It was demonstrated that
the measured ion density showed a more isotropic expansion with droplet offset than the
ion kinetic energies, and appeared to be mainly governed by ablated mass and the main
propagation direction. The ion density remained forward peaked with droplet offset. The
ion kinetic energy showed a more anisotropic distribution with droplet offset, suggesting a
change in initial plasma density distribution resulting in a more pronounced electrostatic
acceleration with droplet offset.
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In an applied context the presented findings have a couple of important implications: Intentional lateral droplet offset leads to higher EUV power output in off-axis mirror configurations and to a reduction in droplet fragment loading at the expense of increased ion
loading. The reduced fragment loading in lateral direction is caused by an increased lateral
positioning margin for lateral droplet instability. This knowledge can assist in tailoring debris mitigation strategies by redistributing the plasma debris spectrum. Understanding the
ion kinetic energy distribution for different droplet offsets is in particular important to assess the ionic load on the EUV collection optics under realistic operating conditions. Therefore, combining the measured ion kinetic energy mapping with the lateral droplet probability distribution results in a more realistic estimation of mirror lifetimes and can help
define a minimum static pressure level.

8.1.3

Background gas effects on ionic debris of droplet-based la-

ser-produced plasmas
In this thesis, the direct charge-resolved measurement of tin ions is performed with a parametric variation of ambient conditions and gases for droplet-based LPPs, for the first time.
The introduction of different gases at different static pressures results in nuclear scattering,
charge-exchange collisions and electronic interactions. A fundamentally different tin ion
charge distribution was demonstrated by using different noble gases ranging from helium
to xenon. Qualitatively, these differences in observable tin charge states were mainly contributed to electron exchange reactions between the tin projectiles and the atomic background with the Landau-Zener approximation. An interesting observation which applies to
all studied gases, with the exception of xenon and nitrogen, is a stronger inverse ion number
gradient for singly charged tin ions compared to higher charge states with increasing pressure. This charge-specific phenomenon is inexplicable solely considering nuclear interactions and electron-capture processes and insinuates electronic stopping effects to play a role
for ion stopping already for ion kinetic energies < 2 keV. A possible explanation for larger
negative total kinetic energy gradients for singly charged tin ions could result from a reduction in ionic radius, which was shown in literature for hydrogen and is extended in this
study for the gases helium, neon, argon and krypton. Hence, to accurately estimate the ionic
load reduction through background gas introduction, experimental measurements are indispensable.
187

8.1 Conclusions and industrial implications

For research and metrology applications, the evaluation of the total ion kinetic energies
showed that argon, krypton and in particular molecular nitrogen are viable gas options for
mitigation purposes as an alternative to hydrogen usage. By using molecular nitrogen, energetic nitrogen ions were detected with energies up to 650 eV, resulting in a ruthenium
sputter yield of 0.5 atoms per impacting ion. These energetic ions need to be considered if
molecular nitrogen is used as a mitigation gas. An interesting mitigation strategy could be
the combination of molecular nitrogen at the light source core with a surrounding gas curtain of argon or krypton to suppress the energetic nitrogen ions. The influence of atomic
nitrogen on tin deposition of optical surfaces remains unclear which potentially could have
beneficial effects through reaction and removal of tin.

8.1.4

Debris management

A novel debris management concept, called liner system, utilising a confined protective gas
flow to redirect, decelerate and entrain LPP generated debris, and drain the debris and fuel
mass flow in a liquid state was introduced. The patented system combines local high momentum gas flow injections, flow guiding, and confinement surfaces, and was developed,
integrated, and tested under application-relevant conditions. The system performance testing included two experimental studies. The first study assessed the system capability to improve source run- and life time in a comparative study with baseline operation, while the
second study focused on a mirror lifetime evaluation in an application relevant long-term
source operation.
It was shown that, by introducing confining surfaces that surround the droplet-based
plasma, the debris load could be reduced significantly. This comparative study revealed an
average reduction in particle-area-coverage (PAC) at a mirror-representative position by a
factor of 23 relative to baseline operation with a static background gas. This observation
suggests macroscopic control of gas flow features in the vacuum chamber is crucial to reduce
the debris load on optical surfaces. In addition, droplet-tracking optics out of line-of-sight
and in the laser backward direction showed a reduction of highly directional droplet fragments through a trivial shadowing effect by a factor of 50. Through the introduction of a
high temperature core, called the inner liner, it was possible to extract almost all of the
introduced fuel mass in liquid form.
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In addition to the comparison of baseline source operation with the liner integrated source
operation, a lifetime assessment of EUV collection optics in the grazing incidence sample
configuration was performed. After 14 hours of plasma exposure, the mirror samples located
at distances of 200 and 400 mm showed a particle area coverage of 1.5 and 0.1%, respectively. EUV reflectometry measurements showed no significant change in EUV after sample
exposure. Considering particle coverage as the mode of failure, a reflectivity reduction of
10% is expected after 2.5 – 4.5 Gp for a GI mirror placed at 200 mm and 38 – 100 Gp for
a GI mirror placed at 400 mm for the given experimental setup. With typical source operational frequencies, this corresponds to 38 up to 100 days of light source operation for a GI
mirror placed at 400 mm radial distance from the plasma.
Overall, the debris management studies, in particular with the liner debris management
system, showed promising results in their ability to significantly improve source life- and
runtime for off-axis mirror configurations.

8.2

Recommendations for future works

The spatial and temporal ion dynamics were studied in the centimetre range by means of
electrostatic probes and at mirror representative distances with charge-state resolving electrostatic ion energy analyser. The ion measurements were performed in one study under
multiple kHz repetition rate and under gated conditions. A parametric study on the effects
of high repetition plasma generation on EUV and ion emission should be performed to
differentiate dominant effects. In particular interesting in this context is the possible effect
of residual target material interaction with ion and photon emission. The ion interaction
with residual target material potentially affects the charge-state distribution through electron capture processes. The combination of high frequency operation with parametric variation of gas cross flows is especially relevant for the application of high repetition rate EUV
sources.
The non-axisymmetric droplet irradiation in this work mainly focused on a single droplet
diameter to laser focus ratio. An interesting study could involve a parametric variation of
droplet to laser focus size ratio including laser parameter variation to further generalize findings from this study. Charge-resolved measurements should be performed at a reduced static
pressure or a helium background gas environment to improve sensitivity for higher charge
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states. The presented data set showed a distinct asymmetric ion kinetic energy distribution.
A potential explanation is the change in initial ion density distribution resulting in higher
kinetic energies through a change in Coulomb repulsion effects. This hypothesis should be
explored by using additional methods to quantify the spatial density by both spectroscopic
and interferometric methods. Understanding the temperature and density distribution
would also be crucial to enhance understanding of opacity effects on EUV emission in nonaxisymmetric irradiation cases.
The study of background gas effects on ion expansion and control could be extended to
different target materials, shorter radial distances from the plasma and larger pressure
ranges. Aside from the electrostatic ion energy analyser, a Thomson parabola detector would
be a practical diagnostic option to optimize measurement time. To comprehend the collisional interaction between ions and neutral atoms on a more fundamental level simultaneous spectroscopic and particle measurements could be insightful.
An interesting addition to the charge-resolved ion measurements is the direct measurement
of energetic neutral atoms. The study of energetic neutrals emanating from the plasma or
from subsequent charge exchange collisions remains poorly studied. Options to detect energetic neutrals include spectroscopic analysis, laser-induced fluorescence or particle diagnostics. The direct particle detection can be implemented by upstream charged particle filtering and a sensitive multichannel plate, possibly with a thin-film filter to quantify the
high energy photon contribution.
The study on background gas effects on ionic emission showed a combination of different
gases could be an interesting option for debris mitigation with buffer gases. Studies combining gas mixtures with the introduced liner system should be studied. The influence of
different radicals and atomic species on the tin coating should be further explored
.
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Abbreviations
ABI
ALPS
ANSYS
APMI
AXUV
BESSY
CE
CEM
CMOS
COMSOL
CoO
CRA
CX
DC
DPP
DUV
EBI
ECR
EDM
ESA
EUV
FC
FE
FWHM
GI
GIC
HP
HSFR
HVM
IC

Actinic blank inspection
Applied Laser Plasma Science
Analysis system (Ansys, Inc.)
Actinic patterned mask inspection
X-Ray detector type
Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung
m.b.H.
Conversion efficiency
Charge-electron multiplier
Complementary metal-oxide-semiconductor
Name of a software for modelling and simulating
Cost-of-ownership
Chief ray angle
Charge-exchange
Direct current
Discharge produced plasmas
Deep-ultraviolet
Electron beam inspection
Electron cyclotron resonance
Electrical discharge machining
Electrostatic ion energy analyser
Extreme-ultraviolet
Faraday cup
Finite-element
Full-width-at-half-maximum
Grazing incidence
Grazing incidence collectors
Hole probe
High-spatial-frequency roughness
High volume manufacturing
Integrated circuitry
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ICCD
IF
IL
LEC
LPP
LZ
MEC
ML
NA
Nd:YAG
NIC
OEM
OL
PCB
PEEK
PTB
SEC
SEM
SI
SIMION
SMBC
SRIM
TOF
TPI
TRIM
UTA
VHS
WLI
WRG
XPS
ZBL

Intensified charge-coupled detector
Intermediate focus
Inner liner
Laboratory for Energy Conversation
Laser-produced plasmas
Landau-Zener
Multi-electron capture
Multilayer
Numerical aperture
Neodymium-doped yttrium aluminium garnet
Normal incidence collector
Original equipment manufacturer
Outer liner
Printed circuit board
Polyetheretherketone
Physikalisch-Technische Bundesanstalt
Single-electron capture
Scanning electron microscope
International system of units (Système international (d'unités))
Field and particle trajectory simulator software
Shifted Maxwell-Boltzmann-Coulomb
Stopping and Range of Ions in Matter
Time-of-flight
Through pellicle inspection
Transport of Ions in Matter
Unresolved transition array
Variable-hard sphere
White-light interferometry
Wide-range gauge
X-ray photoelectron spectroscopy
Ziegler, Biersack and Littmark

Symbols
𝑎𝑎0
𝑎𝑎
𝐴𝐴
𝐴𝐴𝐻𝐻𝐻𝐻
𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴P𝑖𝑖
𝐴𝐴𝑢𝑢
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Bohr radius
Thermal diffusivity
Area
Helium atomic mass
Projected irradiated tin surface
Covered sample surface of particle 𝑖𝑖
Relative atomic mass

𝐴𝐴Sa
𝐴𝐴𝑢𝑢
𝑐𝑐𝑠𝑠
𝐶𝐶
𝐶𝐶𝐶𝐶
𝐶𝐶P𝑖𝑖
𝑑𝑑𝐴𝐴
𝑑𝑑𝐷𝐷
𝑑𝑑𝑀𝑀𝑀𝑀
𝑑𝑑𝑃𝑃𝑃𝑃
𝐷𝐷0
𝐷𝐷𝑘𝑘𝑘𝑘𝑘𝑘
𝐷𝐷𝑃𝑃
𝑒𝑒
𝐸𝐸
𝐸𝐸 ∗
𝐸𝐸0
𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘
𝐸𝐸𝑟𝑟
𝐸𝐸𝑝𝑝
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
∆𝐸𝐸
𝑓𝑓
𝑓𝑓L
𝑓𝑓𝑑𝑑
ℎ
𝑖𝑖𝑝𝑝
𝐼𝐼1
𝐼𝐼0
𝐼𝐼𝑝𝑝
𝐼𝐼𝑒𝑒
𝐼𝐼𝐻𝐻
𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠
𝐼𝐼(𝑡𝑡)
𝑘𝑘
𝑘𝑘𝐵𝐵
𝐾𝐾 i
𝐾𝐾𝐾𝐾
𝑙𝑙𝑠𝑠
ln(Λ)
𝐿𝐿

Sample surface, surface area of the sample
Molecular atomic mass of atom/molecule 𝑢𝑢
Local ion speed of sound
Capacitance
Critical feature dimension
Circumference of particle 𝑖𝑖
Output aperture diameter
Droplet diameter
Period of the bi-layer system
Particle diameter
Laser focus diameter
Gas kinetic diameter
Diameter of the particles
Elementary charge
Transverse electric field
Energy balance considering the gain in energy
Initial projectile kinetic energy
Ion kinetic energy
Relative energy
Laser pulse energy
Total ion kinetic energy
Energy defect
Vibrational frequency
Laser pulse frequency
Rotor speed frequency
Sheath thickness
Collected probe current
First tin ionization potential
Maximum incident laser irradiance, laser peak intensity
Laser peak intensity
Collected electron current
Hydrogen ionization energy
Ion saturation current
Laser irradiance
Thermal conductivity
Boltzmann constant
Calibration coefficients of aerodynamic probe
Knudsen numbers
Corona scale length
Coulomb logarithm
Flow characteristic length scale
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𝐿𝐿C
𝐿𝐿𝐹𝐹
𝐿𝐿𝑃𝑃
𝑚𝑚
𝑚𝑚𝑖𝑖
𝑚𝑚𝑃𝑃
𝑚𝑚𝑆𝑆𝑆𝑆
𝑚𝑚𝑇𝑇
𝑀𝑀𝑀𝑀
𝑛𝑛
𝑛𝑛c
𝑛𝑛𝑒𝑒
𝑛𝑛𝑖𝑖
𝑛𝑛pa
𝑛𝑛p
𝑛𝑛𝑤𝑤
NA
𝑁𝑁𝑃𝑃
𝑁𝑁𝑝𝑝𝑝𝑝
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡
𝑁𝑁𝑧𝑧
∆𝑁𝑁𝑧𝑧,𝑗𝑗
𝑝𝑝
𝑝𝑝𝑠𝑠
𝑝𝑝𝑡𝑡
𝑃𝑃
̅
𝑃𝑃𝐿𝐿
PAC
𝑃𝑃𝑁𝑁
𝑃𝑃𝑝𝑝
𝑄𝑄
𝑟𝑟0
𝑟𝑟𝑖𝑖
𝑟𝑟𝑚𝑚
𝑟𝑟𝑜𝑜
𝑟𝑟𝑜𝑜,𝑖𝑖
𝑟𝑟𝑝𝑝
𝑟𝑟p,CEM
𝑅𝑅
𝑅𝑅𝑐𝑐
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Critical distance
Laser focus length
Plasma length scale
Diffraction order
Ion mass
Atomic mass of ion projectile
Tin atomic mass
Atomic mass of target atom
Flow Mach number
Plasma density
Critical electron density
Electron density
Ion density
Number of particles
Atomic particle density
Number of optical openings per rotations
Numerical aperture
Total number of evaporated particles during laser pulse
interaction with the target material
Number of stopped particles
Total ion number
Charge-specific ion number
Discretized ion number
Pressure
Static pressure/Static vacuum chamber pressure
Total pressure
Electron transition probability
Time-averaged laser power
Particle-area-coverage
Impact parameter
Peak power, laser pulse peak power
Charge collection

Focal spot radius, stopping distance
Inner radius
Mean sphere radius
Outer radius
Optical opening shape and radius
Projected radial distance of mechanical shutter to plasma
Projected radial distance of the CEM detector to the laser focus
Inter-nuclear distance
Inter-nuclear distance at the avoided potential curve

𝑅𝑅𝑑𝑑
Re
𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸
𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑂𝑂
� 𝑝𝑝𝑝𝑝
𝑅𝑅

𝑅𝑅𝑆𝑆
𝑅𝑅(𝑡𝑡)
𝑆𝑆(𝑧𝑧, 𝑇𝑇𝑒𝑒 )
𝑆𝑆𝑣𝑣
𝑡𝑡
𝑇𝑇
𝑇𝑇0
𝑇𝑇𝐵𝐵𝐵𝐵
𝑇𝑇𝑒𝑒
𝑇𝑇e0
𝑇𝑇in
TOF
𝑇𝑇ref
𝑇𝑇𝑠𝑠
𝑢𝑢
𝑢𝑢𝐶𝐶𝐶𝐶
𝑢𝑢𝑅𝑅𝑅𝑅
𝑢𝑢⃗
𝑈𝑈
𝑈𝑈𝐶𝐶𝐶𝐶𝐶𝐶
𝑈𝑈𝐵𝐵
𝑣𝑣
𝑣𝑣𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑣𝑣rel
𝑣𝑣th
𝑉𝑉0
𝑉𝑉CEM
𝑉𝑉𝑃𝑃
𝑉𝑉 (𝑅𝑅)
∆𝑉𝑉
Δ𝑥𝑥
𝑧𝑧
𝑧𝑧
𝑧𝑧′
𝑍𝑍𝑆𝑆𝑆𝑆

Rotational disc radius
Reynolds number
EUV reflectivity
Maximum reflectivity
Scope internal resistor
Particle circularity
Specific gas constant
Time-dependant expanding plume radial dimension
Collisional ionization coefficient
Surface density
Time
Temperature, transferred energy, energy loss, transmission
Uniform temperature during laser pulse interaction
Background gas temperature
Electron temperature
Initial electron temperature
Initial plasma temperature after the heating stage
Time-of-flight
Reference temperature
Static temperature
Flow velocity
Voltage across capacitance 𝐶𝐶𝐶𝐶
Voltage across resistor 𝑅𝑅𝑅𝑅
Flow velocity vector
Voltage
Measured scope voltage across internal resistor generated by CEM anode
Bias voltage of spherical ESA deflectors
Ion velocity
Ion bulk velocity
Relative particle velocity
Neutral thermal velocity
Applied probe potential with respect to the plasma potential
CEM gain
Plasma potential
Interaction potential
Voltage difference between the two electrodes
Droplet-to-laser focus misalignment
Ion charge state, incoming charge state
Mean charge state
Distance from the target surface
Tin atomic number
211

Greek symbols
𝛼𝛼3𝑏𝑏 (𝑧𝑧, 𝑇𝑇𝑒𝑒 )
𝛼𝛼𝑟𝑟 (𝑧𝑧, 𝑇𝑇𝑒𝑒 )
𝛽𝛽
𝛾𝛾𝑦𝑦
𝛾𝛾L
Γ
𝛿𝛿𝐿𝐿
𝛿𝛿𝑈𝑈
𝜀𝜀
𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠
𝜀𝜀0
𝜂𝜂
Θ
Θ𝑚𝑚𝑚𝑚𝑚𝑚
𝜃𝜃𝑖𝑖
𝜅𝜅
𝜆𝜆
𝜆𝜆𝐷𝐷
𝜆𝜆𝐷𝐷0
𝜆𝜆𝐿𝐿
𝜆𝜆𝑎𝑎,𝑖𝑖
𝜆𝜆𝑒𝑒,𝑖𝑖
𝜆𝜆𝑖𝑖,𝑖𝑖
𝜈𝜈
𝜏𝜏𝐿𝐿
𝜏𝜏
𝜗𝜗
𝜑𝜑𝑝𝑝
𝜑𝜑
𝜑𝜑𝑜𝑜
𝜑𝜑𝑤𝑤
𝜒𝜒(𝑅𝑅)
Ω
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Three-body recombination coefficient
Radiative-recombination coefficient
Mass attenuation coefficient
Flow yaw angle
Lateral angle with the laser axis as its origin
Number of times the acceleration process is repeated
Lower bound
Upper bound
Internal energy
Ideal form factor of ESA
Simulated form factor of ESA
Vacuum permittivity
Gas dynamic viscosity
Scattering angle
Maximum scattering angle
Light incidence angle
Isentropic gas exponent
Laser wavelength
Debye length at a radial distance from the plasma
Corona Debye length
Laser wavelength
Mean free paths of background atom – ion of plasma
Electron-ion mean free path
Ion-ion mean free path
Kinematic viscosity
Laser pulse duration
Time constant
Angle of ESA spherical sector
Flow pitch angle
Azimuthal angle with the vertical droplet train as its
origin
Polar angle of the optical opening
Polar angle of the shutter wall
Screening functions
EUV collection solid angle

𝜔𝜔𝑖𝑖
𝜔𝜔𝑑𝑑
𝜌𝜌

Temperature exponent describing the velocity dependence
of the cross-section
Rotational speed of disc
Local gas density
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