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Abstract
The semiconductor industry’s continued advancement relies on extreme ultraviolet (EUV) lithogra-
phy, where energetic laser pulses create tin plasma that emits the 13.5 nm wavelength light. However,
this process also produces energetic tin ions that can damage the sensitive mirror optics used to focus
the EUV light. This necessitates comprehensive plasma characterization studies, including secondary
electron emission from ion-surface interactions. This thesis presents the recommissioning and cali-
bration of an electrostatic analyzer (ESA) for low-energy electron detection in the Sirf setup at the
Zernike Low-Energy Ion beam Facility (ZERNIKELEIF). This work systematically approaches chal-
lenging low-energy electron measurements by studying progressively lower energy systems: Ar9+

ions producing autoionization electrons around 210 eV, followed by He2+ ions generating electrons
near 35 eV through the same process. SIMION simulations characterized the ESA’s performance,
revealing optimal operating parameters of F = 6:40 and Vratio =�0:910 at Epass = 35 eV, along with
an important energy-dependent deviation ranging from +0.04% at 35 eV to -3.53% at 35 keV. Exper-
imental measurements successfully detected characteristic autoionization peaks centered around 207
eV for Ar9+ and 36 eV for He2+, showing good agreement with theoretical predictions and literature
values. While two distinct autoionization peaks were expected from the latter, only a single peak was
observed with energies correctly within the range of the two predicted features. The measurements
revealed critical position sensitivity that was addressed through comprehensive setup improvements
including installation of a second collimating diaphragm, realignment, elimination of magnetic in-
terference, and enhanced vacuum conditions. These changes enabled successful ion deceleration to
much lower energies (450 eV for Ar9+ and 10 eV for He2+), increasing autoionization electron yields
due to longer interaction times. The calibrated system now provides consistent optimal measure-
ment positions across different ion species and energies, eliminating the need for extensive position
optimization when changing experimental parameters. This study provides a foundation for future
low-energy electron spectroscopy measurements, particularly for detecting low-energy tin induced
secondary electrons relevant to EUV lithography applications.
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1 Introduction

The semiconductor industry has seen unprecedented technological advancement, following the pre-
dictions of Moore's Law that computing capacity doubles approximately every 1.5 years. To maintain
this pace, modern computer chips require increasingly smaller transistors, pushing the limits of con-
ventional lithography techniques. The Dutch technology company ASML has pioneered the use of
Extreme Ultra-Violet (EUV) lithography to meet these demands, utilizing light with a wavelength of
13.5 nm to create patterns with minimum feature sizes that enable the production of state-of-the-art
microprocessors.

ASML's EUV lithography systems generate this speci�c wavelength through laser produced plasma,
where CO2 lasers irradiate Sn droplets to create a plasma that emits photons at the speci�c wavelength.
This light is then focused using mirrors to create intricate patterns on silicon wafers. However, the
plasma generation process produces not only the desired EUV photons but also energetic Sn ions with
various charge states that can damage the expensive mirror systems. [1]

The detection and characterization of Sn ions requires specialized instrumentation, including re-
tarding �eld analyzers (RFA), Faraday cups, electrostatic analyzers (ESA), microchannel plates (MCP),
and channeltrons. Crucially, all of these detection methods utilize the production of electrons when
the ions impact their surfaces to generate measurable electronic signals. This dependence on electron
emission makes it essential to accurately characterize the electron spectra from ion-surface interac-
tions.

Sn presents particular challenges in this regard due to its high atomic number, which results in low
outer electron binding energies in the tens of eV range. With metal work functions typically around
2-5 eV, this leads to the production of low-energy electrons in the few eV range. These electrons are
dif�cult to detect and measure accurately due to their susceptibility to external in�uences. To address
this challenge a systematic approach is employed here, using different ions with that produce progres-
sively lower characteristic electron energies. First, Ar9+ is used, as it was shown to produce an easily
detectable single peak at 212 eV [2]. Next, He2+ is chosen as it generates lower energy electrons
around 35 eV [3]. These steps will enable the accurate measurement of the most challenging low-
energy Sn induced electrons in the future. Understanding and characterizing these electron emission
processes, particularly for Sn, is essential for accurate measurements of the produced plasma.

The research presented in this thesis was conducted at the Zernike Low Energy Ion-beam Facility
(ZERNIKELEIF) at the University of Groningen, where detailed studies of ion interactions are per-
formed. Speci�cally, this work focuses on the recommissioning and calibration of an ESA in the
Surface Physics (Sirf ) setup for low-energy electron detection.

This thesis presents a comprehensive study of ESA performance and optimization for electron
spectroscopy applications. Chapter 2 provides the theoretical background of the relevant physical
processes responsible for electron production from ion-surface interactions. Chapter 3 describes the
experimental setup, including the ZERNIKELEIF facility, the Sirf setup, and the ESA. Chapter 4
presents SIMION simulations of the ESA, investigating optimal operating parameters and charac-
terizing its performance. Chapter 5 details the initial recommissioning phase, presenting the �rst
electron detection tests using Ar9+ and He2+ ion beams, including peak identi�cation and the discov-
ery of critical position sensitivity. Chapter 6 focuses on systematic improvements to the experimental
setup and subsequent calibration measurements, demonstrating enhanced spectral quality and con-
sistent optimal positioning across different ion species and energies. Together, these results aim to
establish a robust foundation for future low-energy electron spectroscopy measurements.
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2 Theory

When ions interact with a surface, various reaction processes occur that govern charge neutraliza-
tion dynamics and electron emission. Understanding these processes is crucial for interpreting the
low-energy electron spectra observed from ion-surface pairings in this study: Ar9+ and He2+ ions
interacting with metallic surfaces (speci�cally Ru here).

The reaction processes can be categorized into primary and secondary processes. Primary pro-
cesses involve direct charge exchange between the projectile and target, with the aim of neutralizing
the ion. Secondary processes are de-excitation processes within the projectile afterwards. For this
study, autoionization (a secondary process) is the most relevant mechanism, while the primary pro-
cesses are responsible for creating the initial unstable states. The theoretical framework described
below is primarily based on a review of ion-surface interactions [4].

2.1 Primary Reaction Processes

2.1.1 Resonant transitions (RT)

Resonant neutralization (RN) occurs when an electron from below the Fermi energy in the conduction
band of the target transfers into an excited level of the incoming ion at the same energy. This process
neutralizes the ion without excess energy or direct electron emission. For highly charged ions, reso-
nant transitions occur at large distances above the surface. The energy levels involved in this process
are illustrated in Figure 1a. For the Ar9+ and He2+ ions used in this study, RN is one of the primary
mechanisms for creating the excited projectile states which subsequently decay via autoionization.

Quasi-resonant neutralization (QRN) involves electron transfer from a localized core level of a
surface atom into a near resonant empty projectile state. Unlike RN, a QRN transition needs the
close proximity of the projectile with a surface atom to have suf�cient overlap of orbitals. Resonant
ionization (RI), the reverse process where an occupied atomic level with a binding energy smaller
than the surface work function loses the electron into an empty level of the conduction band above
the Fermi level, can also occur but is not relevant for ions used in this study.

(a) (b)

Figure 1: Schematic representations of resonant transitions (a) and collective excitation (b) processes.
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(a) (b)

Figure 2: Schematic representations of the Auger neutralization (a) and Auger de-excitation (b) pro-
cesses.

2.1.2 Collective excitations

In collective excitation (CE), a target electron is captured into a lower projectile state, as illustrated
in Figure 1b, but the excess energy creates collective excitations (plasmons) in the target's electronic
structure rather than emitting electrons. This process does not directly contribute to the measured
electron spectra but could appear as energy loss features. [5]

2.1.3 Auger Neutralization

In Auger neutralization (AN), two electrons from the conduction band are involved. One electron
jumps into a deeper lower lying empty level of the ion and another one gains this energy difference,
and can be ejected above the vacuum level. This process directly produces electrons, as depicted in
Figure 2a.

The kinetic energyEe of the ejected electron is maximum if both electrons come from the Fermi
level:

Ee = Ei � 2Wf ; (1)

whereEi is the ionization energy of the captured electron andWf is the work function. The energy
distribution of the emitted electrons is determined by the probability distribution energies at the tar-
get's surface: the surface density of states. This results in a broadened energy distribution rather than
a sharp peak.

2.1.4 Auger De-excitation

In Auger de-excitation (AD) is a higher level electron from the projectile is emitted when an electron
from the target's conduction band jumps into a deeper vacant level in the ion. The role of the two
electrons is swapped compared to AN, as shown in Figure 2b.

The maximum energy of the ejected electron is:

Ee = ( Eb1 � Eb2) � Wf ; (2)
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Figure 3: Schematic representation of autoionization (AI).

where(Eb1 � Eb2) is the difference in excitation energy of the of the two involved energy levels of the
projectile. Like AN, this process contributes to broader spectral features rather than sharp peaks.

2.2 Secondary Reaction Processes

2.2.1 Autoionization

In autoionization (AI) two electrons of the now neutralized, but unstable projectile are involved. One
excited electron jumps into a lower lying vacant level while the other excited electron is ejected. Since
both electrons in autoionization originate from well-de�ned energy levels of the projectile atom, they
produce sharp peaks with relatively narrow energy distributions in the spectrum, making this process
ideal for characterizing the ESA. The energy levels involved in this process is illustrated in Figure 3.

The kinetic energy of the emitted electrons is given by the difference in binding energies:

Ee = Eb1 � Eb2; (3)

whereEb1, andEb2 represent the binding energies of the initial and �nal states, respectively.

2.2.2 Radiative decay

Radiative decay (RD) occurs when an electron in an ion transitions to a lower energy state, and the
excess energy is carried away by an emitted photon. This process contributes only minimally to the
studied de-excitation mechanisms and produces no electrons.
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3 Experimental Setup

All experiments were conducted at the Zernike Low-Energy Ion beam Facility (ZERNIKELEIF) at
the University of Groningen, within the Quantum Interactions and Structural Dynamics (QISD) re-
search group. This facility provides worldwide unique capabilities for low-energy ion interaction
studies, particularly for tin. The experimental approach relies on systematic measurement of electron
emission spectra from ion-surface interactions. The relevant components of the setup are: the ion
source and beamline system for ion generation and transport, the Surface Physics (Sirf ) experimen-
tal setup with itsµ-metal vacuum chamber, and the electrostatic analyzer (ESA) for electron energy
spectra acquisition. Together, these components enable precise control over ion beam parameters and
detailed analysis of surface interaction processes.

3.1 ZERNIKELEIF: Ion Source and Beamline

Ion beams are generated using a 14 GHz Electron Cyclotron Resonance Ion Source (ECRIS). The
source uses a permanent magnet system to create a strong magnetic �eld that con�nes the plasma. The
kinetic energy (Ek) of ions extracted from the source is determined by the source potential (Vsource)
and the ion charge state (q): Ek = q�Vsource.

After extraction, the ion beam passes through a 110� analyzing magnet that selects ions based
on their mass-to-charge ratio (A=q). This ensures that only ions of the desired species enter the
beamline. The beam then travels through three quadrupole triplet magnets (QT) that focus it to reduce
divergence. Correction magnets (CM) along the beamline minimize shifts in the beam's trajectory.
Finally, a 45� bending magnet directs the beam into the Sirf setup. See Figure 4 for a schematic
overview of this path.

3.2 Sirf

The Surface Physics (Sirf ) experimental setup serves as the central interaction chamber where ion-
surface collisions occur and secondary particles are analyzed. Its core is a 300 mm diameterµ-
metal vacuum chamber that prevents external magnetic �elds from affecting measurements and is

Figure 4: The ZERNIKELEIF facility features an ECR Ion Source, followed by a 110� analyzing
magnet forA=q selection. The beam then passes through three quadrupole triplet magnets (QT) for
focusing, correction magnets (CM) for trajectory optimization, and �nally a 45� bending magnet that
directs the ion beam into the Sirf experimental setup.
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