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Summary

Ion fluxes towards surfaces exposed to EUV-induced plasmas

Plasma is a special form of the gas phase in which (a part of) the atoms or
molecules are charged as a result of ionization. Plasma has unique properties,
such as a high electric conductivity. At the same time, plasma is usually quasi-
neutral, because equal amounts of positively and negatively charged species are
present. In many situations, electric energy is supplied to generate and sustain
the plasma. However, energetic photons can also ionize a gas in a process called
photoionization. Photoionization creates some of the large interstellar ionized gas
clouds, such as planetary nebulae. Recently, photoionized plasmas are also present
on earth, e.g., inside the next-generation EUV lithography tools, which operate
using Extreme-Ultraviolet (EUV) radiation with a wavelength of 13.5 nm. The
high energy EUV photons (hν = 92 eV) ionize the low pressure background gas
and thereby create a plasma that interacts with the delicate components that are
in, or close by, the EUV beam. The lifetime of, for example, the EUV multilayer
mirrors could be significantly affected under influence of this plasma. Therefore,
the research on EUV-induced plasmas is of great interest to the industry.

Recent studies, on the one hand, have examined the physical processes govern-
ing the EUV-induced plasma dynamics, and on the other hand, have investigated
changes in the surface conditions of materials applied in EUV lithography. How-
ever, the crucial interaction between the plasma and the surfaces has not yet been
investigated. The current work bridges this gap by studying the ion fluxes towards
surfaces in contact with EUV-induced plasmas. The goal of the thesis it to:

Experimentally characterize and understand the ion fluxes generated
by EUV-induced plasmas.

The EUV-induced plasma under investigation is generated by the light from a
pulsed (500 Hz), xenon-based discharge produced plasma (DPP) EUV source. The
light from this source is focused in the measurement vessel, where the EUV-induced
plasma is created and the resulting ion fluxes are measured. The main gas of
interest is hydrogen, at 5 Pa, due to its use as a background gas in EUV lithography.
Two devices are used to characterize the resulting ion fluxes: the Electrostatic
Quadrupole Plasma analyzer (EQP) and the Retarding Field Energy Analyzer
(RFEA), where the RFEA is used for absolute flux densities measurements and
the EQP is used to measure the relative ion energy distribution functions (IEDFs).
To be able to use these devices under the EUV-induced plasma conditions, in this
work considerable effort was made in the development of the ion flux diagnostics.

This thesis consists of three parts. Part I is introductory and describes the the-
oretical concepts governing the formation and evolution of a pulsed EUV-induced
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plasma and the general experimental setup. Part II presents the new developments
in the ion flux diagnostics that have been carried out to make the diagnostics ap-
plicable to EUV-induced plasma. Part III contains the characterization of the ion
fluxes in EUV-induced plasmas.

In part II, the ion trajectories inside the EQP are investigated extensively, both
analytically and by using charged particle trajectory simulations, as a function
of the EQP’s electrode settings and the relevant influx parameters, such as ion
energy and angular distribution. It is concluded that it is not possible to calibrate
the EQP to measure absolute ion flux densities. During the project, the EQP is
therefore used for measurements of the IEDFs. It is shown that smooth acceptance
angle curves, as function of ion energy, can be obtained for a limited range of EQP
settings. Furthermore, the time resolution of the EQP is limited by the bandwidth
of the energy filter. This last result is essential during the analysis of time-resolved
IEDF measurements in the highly transient EUV-induced plasma.

A similar approach is used in the characterization of the RFEA. The most
important result is that the RFEA can be used for absolute ion flux densities
measurements if the alignment of the grids inside the RFEA is known. The func-
tionality of the RFEA is hereby effectively doubled, because it is now possible to
simultaneously measure the ion flux density and the IEDF, for which the RFEA
is already deployed in many applications.

In part III, that describes the experimental characterization of the ion fluxes
in EUV-induced hydrogen plasma, the focus is on the temporal evolution of the
ionic species composition, energy distributions and ion flux densities, as well as
the pressure and EUV pulse energy dependence of the ion fluence.

The EQP measurements show that the ion flux in EUV-induced H2 plasma
consists of three types of ions: H+, H +

2 and H +
3 . The first two are created directly

by photoionization and by electron impact ionization. Subsequently, H +
2 is con-

verted to H +
3 in the proton hop reaction H +

2 + H2 H +
3 + H, making H +

3 the
dominant ion in EUV-induced hydrogen plasma. Under the current experimental
conditions, the IEDFs of H +

2 and H +
3 are limited to 10 eV, while the IEDF of H+

has an energetic tail that extends roughly 10 eV beyond the IEDFs of H +
2 and H +

3 .
The appearance of this energetic tail can be explained by the extra energy that
H+ ions obtain during their creation by dissociative photoionization and electron
impact ionization via the intermediate species H 2+

2 and a number of electronically
excited H +*

2 states. Because the energy threshold for these processes is rather
large, such an energetic tail in the IEDF of H+ is unique to plasmas induced by
energetic particles.

After the initial fast (∼ 100 ns) plasma generation phase, the ion flux density
decays exponentially over a few hundred microseconds. The measurements show
that during this phase, the decay is dictated by ambipolar diffusion. Results from
Particle-In-Cell (PIC) and diffusion models, supplied by RnD ISAN, are used to
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investigate the ion flux shortly (0 to 2 µs) after the EUV pulse, where the RFEA
measurements are troubled by EUV-induced secondary electron emission currents.
For validation purposes, the measured and simulated evolution of the ion flux
densities are compared and a good agreement is found from 2 µs up to 700 µs after
the EUV pulse, where RFEA measurements are possible. It is found that the ion
flux decay rate does not depend on the EUV pulse energy, but does decrease with
increasing pressure due to the reduced mobility of the ions.

The ion fluence is shown to be linear with the EUV pulse energy, but the
dependence on the pressure is more complex. Therefore, a model is constructed
based on the Beer-Lambert law of absorption of electrons in the background gas.
This model shows that, in the current geometry, the plasma density is a linear
function of the pressure at low pressure (< 1 Pa), where the contribution of electron
impact ionization to the total plasma density is negligible. Also at high pressure
(> 30 Pa), the plasma density increases linear with pressure, although at a steeper
rate, because the contribution of electron impact ionization is 1.3 times larger
than that of photoionization. The pressure range in the experiments lies in the
intermediate pressure range, where the dependence of the plasma density on the
pressures transits from the low pressure rate to the high pressure rate.

The pressure- and EUV-pulse-energy- depndent ion fluence and the evolution
of the ion flux density can be successfully described using photoionization, electron
impact ionization and an ambipolar flow due to low- temperaure thermal electrons.
The electron temperature is derived from the decay of the ion flux density and is
122± 5 meV. The results from numerical models therefore show a good agreement
with these ion flux properties found in the experiment.

In strong contrast, the EQP and RFEA measurements of the time-resolved
IEDFs show that the ion energies during the exponential decay phase are too
high to be explained by a low temperature thermal electron energy distribution.
Furthermore, H +

2 is measured up to 60 µs after the EUV pulse, which suggests
that electron impact ionization is an ongoing process, which requires electrons
with energies above the ionization threshold (15.4 eV). A mechanism is therefore
required that creates energetic electrons on top of the low temperature thermal
distribution. The most probable candidate is efficient energy coupling between
electrons and vibrationally excited hydrogen molecules via superelastic collisions.

Next to plasma generated in hydrogen, also the IEDFs are measured in EUV-
induced plasma in argon, helium and nitrogen, and in a mixture of hydrogen
(99.8 %) and nitrogen (0.2 %). Unexpectedly, the time-resolved IEDFs in EUV-
induced plasma in Ar, He and N2 are very similar to those in H2 plasma, even
though electron heating due to superelastic collisions with vibrationally excited
molecules is not possible in these gases. The similarity is explained by the cooling
times of the electrons, which is much larger in Ar, He and N2 due to the absence
of excitation processes below the ionization threshold.

To conclude the results from the experimental characterization, the measure-
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ments of the composition of the ion flux in the mixture of 99.8 % H2 with 0.2 % N2

show that even very small admixtures of nitrogen to hydrogen can lead to fluxes
of mixed ions with flux densities comparable to that of the hydrogen ions, with
similar energy distributions.

This thesis makes the ion flux diagnostics applicable under EUV-induced plasma
conditions. Furthermore, it increases the understanding of EUV-induced plasma
by experimental characterization of the ion fluxes towards surfaces exposed to this
EUV-induced plasma. Thereby a bridge is established between the EUV-induced
plasma and surface effects in EUV lithography.
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Chapter 1

General introduction

Plasma is a special form of the gas phase in which (a part of) the particles are
charged as a result of ionization. Plasma has unique properties, such as a collective
behavior of the charged species and a high electric conductivity. More than 99 %
of all ordinary matter in the universe exists in the form of plasma. For example,
the sun and all other stars are hot radiating balls of plasma. A bit cooler, but not
less spectacular, are interstellar nebulae, auroras and lightning. Human kind has
mastered the art of plasma generation to use them for, for example, lighting (flu-
orescence and HID lamps), ozone generation, increasing the wettability of diapers
and paper towels, fabrication of optical fibers, deposition of all kinds of coatings
such as the metallic inside of a potato chips bag, in semiconductor fabrication,
waste destruction, and, expected to be economically viable in 50 years, nuclear
fusion power plants [1, 2].

In most of these man-made plasmas, electric energy is supplied to create and
sustain the plasma. However, photons with high enough energy can also ionize a
gas in a process called photoionization. Photoionization creates some of the large
interstellar ionized gas clouds, which are visible from earth. Planetary nebulae
such as the Helix nebula (figure 1.0.1a) are large clouds of gas that get ionized by
the radiation emitted by a central star remnant. Figure 1.0.1b shows the green
glowing filaments in the Teacup galaxy which exist of gas that is photoionized by
a blast of radiation from a quasar in the center of its host galaxy.

Photoionized plasmas are one of the last of the large naturally occurring plas-
mas (i.e. lightning, stars and auroras) to be put in a box. Lightning is reproduced
in streamers, sparks and arcs. Stellar plasma can be found in fusion devices since
the 1960s and auroras can be simulated in the Planeterrella [3].
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Chapter 1: General introduction

(a) The Helix Nebula, NGC 7293 ”The Eye of God”, the shed outer layers of a dying
star are photoionized by radiation from the remnant core. Credit: NASA, ESA and
C.R. O’Dell (Vanderbilt University).

(b) Green filaments in the galaxy Teacup (2MASX J14302986+1339117) which consist
of photoionized oxygen. Credit: NASA, ESA and W. Keel (University of Alabama,
USA).

Figure 1.0.1: Examples of interstellar photoninduced plasmas.
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1.1. PHOTOLITHOGRAPHY

Photoionization processes have been studied in laboratory settings using syn-
chrotron radiation sources to test the Franck-Condon principle [4, 5]. The study of
actual plasma generation by photoionization has emerged in the 1980s, when high
output EUV sources became available. The possibility to study astrophysical plas-
mas in a laboratory alone is already a strong motivation for such research. How-
ever, the fact that the research for this thesis is being conducted at the Technische
University Eindhoven suggests that there is also a technical challenge involved.

Photoionized plasmas are present in a new generation of computer chips pro-
duction machines and could impact the lifetime of delicate components. These
machines use extreme ultraviolet radiation (EUV) at a wavelenght of 13.5 nm
(photon energy of hν = 92 eV) to write the patterns in EUV lithography. The
EUV ionizes the background gas and thereby creates a plasma that interacts on
the most fundamental level with the components that are in, or close by, the EUV
beam path. The lifetime of, for example, the EUV mirrors could be significantly
affected [6–8].

An important interaction mechanism is the bombardment of the surface with
ions generated by irradiation with EUV photons of the background gas. This
process can be summarized as follows. In the process of ionization, an atom of
molecule acquires a positive charge by losing a (negatively charged) electron. In
total the plasma is (quasi)neutral because equal amounts of negative and positive
particles are created. Electrons are much lighter than the ions and therefore travel
much faster for a given energy. When the plasma comes in contact with a surface,
the electrons will reach this surface first. Upon collision with the wall they are
lost, which creates a charge imbalance at the plasma-surface interface. The charge
neutrality is maintained by an emerging electric field that reflects additional elec-
trons back into the plasma and at the same time accelerates ions towards the
surface. The impact energy of these ions can therefore be much larger than their
thermal energy and is determined by plasma parameters. The ion fluxes generated
by photoionized plasma are the main topic of this thesis.

1.1 Photolithography

Photolithography is the one of the steps in the production process of integrated
circuits (IC) that determines size of the component in the electronic circuits. The
developments over the last decades have made it possible to fit more and more
transistors on similar sized ICs. By reducing the feature sizes in ICs they have
been made faster, cheaper and more energy efficient. Gordon Moore predicted in
1965 that the number of ICs per unit area would double every two years[9]. This
prediction has since been used to guide long term planning of the computer chip
industry, and up to now, this trend has been followed successfully.
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Chapter 1: General introduction

Figure 1.1.1: The IC manufacturing loop (Republished with permission from IOP Pub-
lishing)

A clear example of the impact on our daily lives is emergence of the smart-
phone. The mobile phone has developed from a portable telephone, that can only
be used for calls, to a compact computer that not only provides all kinds of digital
communication channels, but can also be used to access the World Wide Web,
take pictures, navigate using GPS and control the lighting in our homes.

An IC is produced in a multi-step procedure of alternating photolithography
and chemical processing in which electronic circuits are created. The production
steps are illustrated in figure 1.1.1. The base is a silicon wafer. A functional layer
is placed on top. The photolithography step is started by covering this layer with
a photoresist, which is a chemical that hardens or softens under exposure to light.
A mask contains the blueprint of the layer that is to be printed. The mask is
imaged onto the photoresist in a similar way to how a slide is projected using a
slide projector. Depending on the process, the exposed or unexposed photoresist is
removed. The parts of the layer beneath that are no longer covered can be etched
away, so that the pattern on the mask is now transfered to the functional layer.
The final step in the photolithography process is the stripping of the remaining
photoresist. This process is repeated many times, as the current 14nm/10nm de-
vices have at least 60 layers [10].

The resolution of the photolithography tool, often called the critical dimension
(CD), is determined by the Rayleigh equation:

CD = k1

λ

NA
, (1.1)

in which λ is the wavelength of the light, NA is the numerical aperture and k1 is
known as the resolution factor which accounts for all other process variables.

Following the Rayleigh equation, one method to improve the resolution is to
use a light source with a shorter wavelength. The first systems used mercury arc
lamps. With narrow band filters the g-line at 436 nm was used in the 1960’s, which

6



1.1. PHOTOLITHOGRAPHY

provided a resolution of 400 nm. Over the years light with shorter and shorter
wavelength have been used. In the 1980’s, the i-line at 365 nm was adopted, which
is still in use today to print structures of 220 nm [11]. In the late 1980’s the
krypton-fluoride excimer laser (248 nm) came into use, enabling a resolution of
up to 90 nm [11]. In the late 1990’s Argon-Fluoride (ArF) lasers were introduced
with a wavelength of 193 nm, which are still the top-of-the-line light source used
in industry today. From here the development of the light source lags. Exper-
iments with 157 nm and 121 nm light were stopped due to technical difficulties
and high costs of calcium-fluoride lenses for 157 nm and the even more expensive
lithium-fluoride lenses for 121 nm [12]. Because of this, the development of 193 nm
lithography was taken far beyond what was initially believed to be possible.

To keep on shrinking the critical dimension, first k1 was reduced through pro-
cess improvements such as the introduction of phase-shift masks. After that, NA
was increased by putting a liquid with a high refraction index between the lens
and the wafer, which is called immersion lithography (193i). To push the limits
even further, multiple patterning techniques are used, in which a wafer undergoes
multiple exposures instead of one. This reduces the throughput of the lithographic
process and is therefore a very expensive technique. The here described measures
have increased the costs of processing a wafer immensely. This was compensated
by the fact that more chips fit on a wafer.

In the next generation lithography tools extreme ultraviolet light (EUV) will be
used, at a wavelength of 13.5 nm, that enables a higher resolution and therefore re-
duces the need of multiple patterning. Furthermore, EUV brings a better imaging
robustness, which results in a higher yield and therefore lower costs. Figure 1.1.2
shows an example of the improvement that is possible using EUV. The pattern in
a) is printed using triple patterning in a 193 nm immersion system (b), and a single
exposure using EUV (c). The latter is clearly better defined. EUV lithography
(EUVL) is currently1 expected to be introduced for high volume manufacturing
(HVM) in the second half of 2018 or the beginning of 2019 [13, 14].

1.1.1 EUV lithography

The development of a EUVL machine has brought many challenges. Figure 1.1.3
shows an illustration of the NXE 3350B EUV lithography machine from ASML.
The EUV beam is illustrated in yellow. One of the downsides of EUV is that it
is absorbed by all materials and gases. That is why EUVL needs to take place at
low pressure (thus in a vacuum vessel). It is not possible to use refractive optics
(lenses), therefore reflective optics are used instead using EUV reflecting mirrors.
These mirrors are made of nanometer thick multilayer structures that form Bragg
reflectors.

1
March 2018
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Chapter 1: General introduction

Figure 1.1.2: Mask template (a) and two SEM images of 24-nm structures exposed with
triple patterning using 193-nm immersion (b) and using a single EUV ex-
posure (c). Image courtesy of Greg McIntyre, imec, Leuven.

Figure 1.1.3: Image of the ASML TWINSCAN NXE3350B EUV lithography machine
[15].
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1.2. EUV-INDUCED PLASMA

Further technical challenges that had to be overcome include (but are not
limited to) the development of a whole new EUV light source, EUV optimized
resist and vacuum wafer handling and positioning that is accurate within one
nanometer. This thesis is not about all these challenges. It’s about a peculiar
phenomena that occurs in the beam path: the EUV ionizes the background gas.

1.2 EUV-induced plasma

The light that is used in EUVL has a wavelength that lies between that of ul-
traviolet and X-ray. The wavelength of light and the photon energy are inversely
related: longer wavelengths have low photon energy and short wavelengths have
more energetic photons. At 13.5 nm the photon energy is 92 eV. This energy
far exceeds the ionization energy of all gaseous species. Therefore, when the EUV
travels through a volume where there is not a perfect vacuum, some of the photons
will be absorbed and a plasma is created everywhere the beam travels. Hydrogen
is used as the low pressure background in EUVL, partly because the photon ab-
sorption cross section is very small. The attenuation of light by absorption in a
gas is described by the Beer-Lambert law:

T =
I

I0
= exp (−σna`), (1.2)

in which T is the transmission defined as the light intensity after a pathlength `,
relative to the intensity of light at the beginning of the beam path, I0. σ is the
absorption cross section, na the number density of the absorbing gas particle and l
is the attenuation length. σ is 5.56× 10−24 m2 for 92 eV photons[16]. The density
is determined by the gas temperature T and pressure p according to the ideal gas
law:

na =
p

kBT
. (1.3)

Here kB is the Boltzmann constant. At room temperature and a pressure of
5 Pa, typical for a lithography system, the absorption (1− T ) is 0.67× 10−2 m−1.
Nevertheless, the absorption is sufficient to create a low density plasma.

1.2.1 Status of the research field

The research fields on photoionized plasmas finds its origins around the end of
the 19th century, with the study of the photoelectric effect by Hertz in 1887 [17]
and the interpretation by Einstein in 1905 [18]. Photoionization reactions in the
gas phase have since been used to study the fine structure of atoms and molecules
using synchrotron radiation sources [4, 5, 19].
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Chapter 1: General introduction

The first photoionized plasmas under investigation were extraterrestrial ionized
gas clouds and ionic currents in planetary atmospheres. Powerful VUV and EUV
sources have not been available until recently, and with that, also the research
on laboratory EUV-induced plasmas is quite young. The aim of early laboratory
work in this field was do derive cross sections for photoinduced processes to explain
observations in interstellar ionized gas clouds.

At present there are a number of research groups working on EUV related
application. Only a few of them look into (laboratory) EUV-induced plasmas.
The currently active setups are summarized with their properties in table 1.2.1.
Three of those focus on EUV-induced plasmas in relation to EUV lithography
(SOCOMO, PROTO2 and EBL). The research is often a combination of academic
and industry-oriented.

1.3 Focus of this thesis

EUV-induced plasmas are an interesting research topic on their own because of
their abundance in space [24, 25] and the current possibility to study these in
the lab [26–28]. In this research they are investigated in relation with the inter-
action with surfaces, especially in EUV lithography. Research in the last decade
has focused on the electron dynamics in the plasma and on processes influenc-
ing the surface condition under EUVL conditions. Van der Velden was the first
to report on Particle-in-cell Monte Carlo simulations of EUV-induced plasmas
[29, 30]. Langmuir probe measurements of the electron temperature and ion den-
sities proved to be unfeasible, mainly due to interference of currents induced by
the photo-electric effect [6]. More recently, Van der Horst measured the electron
density in EUV-induced plasmas using microwave cavity resonance spectroscopy
(MCRS) to study the temporal evolution of the plasma density [7]. Parallel to
these experimental efforts, a numerical model of the EUV-induced plasma was de-
veloped by Astakhov [8]. Examples of studies on the surface conditions of optics
under EUVL relevant conditions include the research by Dolgov, who studied the
removal of carbon contamination and the reduction of surface oxidation [31], and
studies of delamination in multilayer (mirror) structures under exposure to fluxes
of hydrogen ions and radicals [32–35] .

An essential aspect missing in these studies is the interaction between the
plasma and the surfaces. The current work attempts to bridge this gap by studying
the ion fluxes towards surfaces in contact with EUV-induced plasmas. The goal
of this thesis is to:

Experimentally characterize and understand the ion fluxes generated
by EUV-induced plasmas.
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1.4 Outline

The thesis is structured in three parts. Part I is introductory with the following
chapters:

Chapter 2 describes the theoretical concepts necessary to understand the for-
mation and evolution of EUV-induced plasmas and the resulting ion fluxes
towards exposed surfaces.

Chapter 3 briefly describes the general experimental setup, including the EUV
source, optical filters and experimental geometry and placements of the ion
flux diagnostics.

Part II describes the new developments in ion flux diagnostics that have raised
the level of the techniques to the level required for the experimental character-
ization of the ion fluxes in the extremely transient EUV-induced plasma. The
chapters are:

Chapter 4 presents the characterization of the retarding field energy analyzer
(RFEA). A large part is devoted to the simulation of ion trajectories through
the RFEA grid stack that have enabled the measurement of absolute ion flux
densities.

Chapter 5 presents the work on the electrostatic quadrupole plasma analyzer
(EQP). It is shown that an absolute calibration of the ion flux density is not
feasible and that the EQP should therefore be used for relative ion energy
distribution measurements.

Part III contains the characterization of the ion fluxes in EUV-induced plasmas
with the following chapters:

Chapter 6 presents and discusses the results of the ion flux density measurements
of EUV-induced plasmas in hydrogen with the RFEA as the main diagnostic.

Chapter 7 presents and discusses the results of the ion energy distribution func-
tion measurements in EUV-induced plasmas in hydrogen with the EQP as
main diagnostic.

Chapter 8 present the characterization of ion energy distribution functions in
other gases, namely helium, nitrogen and argon, and in a mixture of hydrogen
and nitrogen.

Chapter 9 elaborates on the implications of the results for EUV lithography.

Chapter 10 gives the general conclusions of the thesis.
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Chapter 1: General introduction

Table 1.2.1: Summary of EUV setup properties

SOCOMO 1†& 2
ASML research / Technische Universiteit Eindhoven (TU/e), The Netherlands

Source type: Discharge produced plasma
Working Gas: Xe

EUV wavelength 13.5 nm*

Pulse energy in focus: 10 µJ/mm2

Diameter focus: 4 mm

Pulse energy: 125× 10−6 J
Pulse frequency: <1 kHz
Pulse duration (FWHM) 50 ns

PROTO 2 [20]
MESA+, RnD ISAN, Moscow Institute of Physics and Technology, Russia

Source type: Laser assisted discharge produced plasma
Working Gas: Sn vapor

EUV wavelength 13.5 nm*

Pulse energy in focus: 0.85 µJ/mm2

Diameter focus: 6 mm

Pulse energy: 96× 10−6 J
Pulse frequency: 1.6 kHz
Pulse duration (FWHM) 100 ns

EBL 1 & 2 [21, 22]
TNO, The Netherlands

Source type: Laser assisted discharge produced plasma
Working Gas: Sn vapor

EUV wavelength 13.5 nm*

Pulse energy in focus: 380 µJ/mm2

Diameter focus: 1 to 30 mm

Pulse energy: 300× 10−6 J
Pulse frequency: 1 to 10 000 Hz
Pulse duration (FWHM) few 100 ns

Institute of Optoelectronics, Military University of Technology, Warsaw, Poland [23]

Source type: Laser produced plasma
Working Gas: Kr or Xe gas puff target
EUV wavelength 11± 1 nm

Pulse energy in focus: 1000 µJ/mm2

Diameter focus: 1.5 mm
Pulse energy: 0.7 J
Pulse frequency: 10 Hz
Pulse duration (FWHM) 4 ns
*

with spectral purity filter
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Chapter 2

EUV-induced plasmas

2.1 Introduction

This chapter discusses the relevant physics in the creation and evolution of EUV-
induced hydrogen plasmas and in the interaction between plasma and adjacent
surfaces. We will start with a general introduction in EUV-induced plasma to in-
troduce the relevant processes that will be described in more detail in the following
sections of this chapter.

A plasma is as gas in which (a part of) the atoms or molecules are ionized.
In order to create a plasma, energy should be supplied in some way. This can be
done simply by heating the gas up to the point where ionization takes place by
neutral-neutral collisions. This is what happens in for example stars and fusion
plasmas, where the gas temperature is over one million Kelvin. In most human-
made plasmas, energy is coupled to electrons using electric fields. This is the case
in for example capacitively and inductively coupled plasmas, corona and dielectric
barrier discharges and microwave plasmas. The main ionization mechanism in
these examples is electron impact ionization. The elastic energy transfer between
electrons and the much heavier ions and gas species is very inefficient. As a result,
the temperature of these heavier species is generally much lower than that of the
electrons. Such plasmas are therefore referred to as low temperature plasmas.

Another, and special, manner to supply sufficient energy to a gas to make it a
plasma is by means of photoionization, where photons are used to ionize the gas.
Photoionization can be achieved using photons with energies below the ionization
energy, but this requires multiple photons interacting with a single bound electron.
This requires a very high photon density, which can be achieved using intense laser
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beams [36].

Single-photon photoionization, which is the initial plasma creation mechanism
studied in this thesis, can be achieved if the photon energy is equal or higher than
the ionization energy. In this case, one photon is absorbed and an electron is
ejected and a positively charged ion is left behind:

hν + A A+ + e. (2.1)

The element with the lowest ionization energy is cesium, which has a ionization
energy of 3.9 eV. This corresponds to a minimum wavelength of 318 nm (UV-
light). In general, radiation with photons with energies above 10 eV (λ > 124 nm)
is considered ionizing radiation, because this energy roughly corresponds to the
ionization energy of oxygen [37].

In this research, EUV photons (λ = 13.5 nm) with energies close to 92 eV are
used to ionize gas (H2, with ionization energy of 15.4 eV). The energy of these
photons is more than enough for single-photon photoionization. The EUV sources
in this work are pulsed sources. The pulse time (∼ 100 ns) is much shorter than
the time between pulses (2 ms). As a result, the plasma is highly transient. It’s
generation time is of the same order as the EUV pulse length, but due to the
long period between pulses, the plasma has fully decayed before the arrival of the
next EUV pulse. Measurements of the time resolved electron density show this
evolution very effectively. Figure 2.1.1 shows the electron density versus time,
measured by Van der Horst [38]. Three distinct periods can be deduced:

I. The electron density quickly rises during the EUV pulse due to photoioniza-
tion and subsequent electron impact ionization.

II. The density initially decreases very quickly. During this period the free
electrons that were created by photoionization cool down. As a result, the
density decrease slows down. Furthermore, the plasma that was initially
created only in the EUV beam expands to fill the experimental vessel.

III. The electron temperature has stabilized and the electron density decay is
exponential due to recombination at the wall.

This chapter describes the processes that are involved in the plasma evolution
and the resulting fluxes of ions to adjacent surfaces in a hydrogen EUV-induced
plasma. Photoionization is discussed in section 2.2. Section 2.3 describes the
impact of electron processes on the plasma dynamics. Here, electron impact ion-
ization, the formation of a potential well and the cooling and thermalization of
the electrons are discussed. Thereafter, in section 2.4, the most important ion–
molecule collisions will be shown that determine the ionic plasma composition.
To conclude, the interaction between the plasma and an adjacent surface and the
resulting ion fluxes are discussed in section 2.5.
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Figure 2.1.1: The electron density as function of time measured in EUV-induced plasma
in 10 Pa H2 [38]. The inset shows the electron density up to 1 µs along with
the EUV intensity.

2.2 Photoionization of H2 by EUV radiation

During phase I in figure 2.1.1 the electron density increases due to ionization of
hydrogen molecules by the absorption of EUV radiation. The absorption of a
photon by a hydrogen molecule can result in excitation and ionization. However,
excitation is only possible if the photon energy matches with the energy associated
with the excitation. Hydrogen does not have any of those transitions in the EUV
range, so direct excitation by photon absorption will not occur. Therefore, the
possible reactions are single photoionization (eq. 2.2), dissociative photoionization
(eq. 2.3) and double photoionization (eq. 2.4):

hν + H2 e + H +
2 (2.2)

hν + H2 e + H +*
2 e + H(*) + H+ (2.3)

hν + H2 2 e + H 2+
2 2 e + 2 H+. (2.4)

The cross sections for these processes are given in figure 2.2.1. Single pho-
toionization has the largest cross section and accounts for approximately 79 %
of all photoionization events. The total cross section for electron production is
σpi =6.5× 10−24 m2.

The potential energy curves of the relevant states of H2 and related ions are
given in figure 2.2.2. The energy is given relative to the vibrational ground state.
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Figure 2.2.1: Cross sections of direct[16], dissociative[16] and double [16, 39] photoion-
ization of molecular hydrogen.

Photoionization is a vertical process in this diagram because the absorption of the
photon is much faster than the movement of the nuclei.

The ionization from the ground state of hydrogen (H2,X
1Σ +

g ) to the stable ionic

ground state (H +
2 ,1sσs ) requires the least energy (15.4 eV), which is equal to the

ionization energy of hydrogen. The excess photon energy is transfered mainly to
the ejected electron due to momentum conservation, while the ion remains roughly
at room temperature. This photoionization reaction therefore creates electrons
with a kinetic energy of 76.6 eV.

The electronically excited H +*
2 states are dissociative, meaning that upon cre-

ation they will dissociate to form a H+ ion and a H radical. The electronic state
of the resulting radical depends on the intermediate H +*

2 state. The energy that
is released during dissociation is evenly distributed as kinetic energy over the ion
and the radical, which leads to high energy (about 8 eV) ions and radicals[41].

In double photoionization both electrons are removed from the hydrogen molecule.
The resulting H 2+

2 is also dissociative, resulting in the production of two H+ ions.
The excess energy of 18.8 eV is again evenly distributed over the ions [4], resulting
in an ion energy of 9.4 eV.

Photoionization thus creates, besides electrons, the ions H+ and H +
2 and fast

and slow H radicals. However, H +
2 is quickly (0.5 µs) converted to H +

3 in collision
with the H2 background molecules [42]. The dominant ion at larger time scales
will therefore be H +

3 . A more detailed description of this reaction will be given in
section 2.4.
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Energy input and creation of fast electrons

The energy that is deposited in the EUV-induced plasma is fully supplied by
photoionization. Knowing that the approximate EUV intensity in the focus of
the EUV beam is in the order of I0 = 10 µJ/mm2 (table 1.2.1), it is possible to
calculate the energy input and the plasma density due to photoionization.

The photon fluence Φhν is calculated by dividing the EUV intensity by the
photon energy hν:

Φhν =
I0
hν

= 6.7× 1017 photons/m2/pulse. (2.5)

The electron density due to photoionization can be calculated using the Beer-
Lambert law. The fraction of photons that is absorbed per meter is given by:

φabsorbed = 1− e−σpina ≈ σpina = 6.7× 10−3. (2.6)

The effect on the EUV intensity is therefore negligible. The neutral hydrogen
density na is calculated using the ideal gas law to be 1.21× 1021 m−3 for a gas
pressure of 5 Pa. By combining equations 2.5 and 2.6, the initial densities of ions
and fast (76 eV) electron in the EUV beam become:

ne,i,pi = Φhνσpina = 4× 1015 m−3. (2.7)

The energy that is deposited in the plasma is equal to the amount of photons
that is absorbed multiplied with the photon energy, in this case equal to

Eplasma = hνΦhνσ
∗
pina = 60 mJ/m3/pulse, (2.8)

where σ∗pi = 6.2× 10−24 m2 is the photon absorption cross section, which is slightly
smaller than σpi because only one photon is absorbed in double photoionization
while two electrons are produced. At the typical repetition rate in this work of
500 Hz, the plasma input power density is nearly 30 W/m3. Note that the input
power scales linearly with the hydrogen density and therefore with the gas pressure.

The influence of the EUV spectrum

In section 3.3 the spectrum of the EUV source and the used spectral filter are
discussed. The source not only produces EUV at 13.5 nm, but also UV and visible
light. To limit the radiation at unwanted wavelengths a spectral purity filter
(SPF) is used that transmits mostly between 10 to 20 nm, which is defined as
in-band radiation. The SPF also has a (smaller) transmission peak around 40 nm.
Although only a small amount of light is transmitted here, the photoionization
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Figure 2.2.3: The spectrum of the EUV source and spectral photoionization after the
SPF as function of photon energy (bottom) and wavelength (top).

cross section at this wavelength is much larger compared to those at 10 to 20 nm
(see figure 2.2.1).

The spectral dependent contribution to the created electron density can be
calculated using the spectral energy density and the photoionization cross section
[43]:

ne(λ)dλ = na

σpi(λ)E(λ)

hc/λ
(2.9)

The total electron density is then obtained by integrating over the full spec-
trum:

ne =

∫ ∞
0

ne(λ)dλ. (2.10)

Figure 2.2.3 shows the spectrum and contribution to the electron density as
function of photon energy and wavelength together with the photoionization cross
section for electron production. Although there is little energy in the spectrum
between 20 to 40 eV, the contribution to the electron density is larger than that
of in-band radiation. The contribution of various wavelength bands to the elec-
tron density is shown in table 2.2.1. This table shows that out-of-band radiation
increases the electron density tenfold.
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Table 2.2.1: Contribution to ne in hydrogen for different bands of EUV radiation
for the source spectrum after SPF

Wavelength range Energy range Energy fraction Contribution to ne

(nm) (eV) (%) (%)

10 - 20 62 - 124 98.4 8
20 - 30 41 - 62 0.2 1
30 - 40 31 - 41 0.3 11
40 - 50 25 - 31 0.8 54
50 - 60 21 - 25 0.3 25
60 - 70 18 - 21 0.02 2
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Figure 2.3.1: Cross sections of electron–neutral collisions. The data is from Tawara and
Kato [45].

2.3 Electron processes

As explained in the previous section, photoionization creates electrons with a
kinetic energy of ε = 76 eV. These can further ionize the background gas by
electron-impact ionization. Besides ionization, other collision processes with hy-
drogen molecules are momentum transfer, rotational, vibrational and electronic
excitation and dissociation. Recombination of ions with electrons in the plasma
volume is negligible at our working pressure [44]. The relevant cross sections for
electron collisions with hydrogen molecules are given in figure 2.3.1. In these col-
lisions the electrons are not lost, but they do lose part of their energy, depending
on the process.
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Not only do these reactions contribute to the plasma density, they also deter-
mine the evolution of the plasma in phase II and III in figure 2.1.1, because the
electron energy distribution function (EEDF) governs the plasma potential and
ambipolar flows. Furthermore, the mean free path of fast electrons is in the order
of 10 cm in 5 Pa H2. Electrons that escape the plasma volume without collisions
create a region of positive space charge resulting in a potential distribution that
traps the remaining fast electrons and accelerates ions outwards. Understanding
the electron processes in the plasma is therefore essential to study the ion fluxes.

In the remainder of this section the important processes are discussed that
govern the electrons from the moment of creating during the EUV pulse until
they have fully cooled and thermalized to room temperature. Therefore, firstly
the creation of the potential well will be discussed. Thereafter, the ionization
processes will be considered, followed by the remaining cooling and thermalization
processes.

2.3.1 Formation of the potential well

The fast (ε = 76 eV) electrons that are created in photoionization have a mean
free path (10 cm) that is much larger than the EUV beam width (4 mm in focus).
Therefore, during the first few hundred nanoseconds (phase I in figure 2.1.1), the
plasma potential is not determined by the electron temperature (as is commonly
the case in discharge plasmas [46]) but by the high energy electrons that leave the
plasma volume. The surplus of ions creates a space charge density that determines
the plasma potential.

A coaxial model is considered to estimate the fraction of fast electrons that
escape to the wall. The potential distribution in this model is displayed schemat-
ically in figure 2.3.2. The ions are assumed to be stationary and positioned inside
the beam radius. In the core, with a radius equal to the EUV beam diameter r0, a
charge density ρ = e (ni − ne) is established. Electron impact ionization is ignored
and therefore no ions outside the core are considered. The outer wall is formed by
the experimental vessel, which is cylindrical with R = 50 mm.

The Poisson equation describes the potential distribution Φ as function of the
charge density:

∇2Φ = − ρ

ε0
, (2.11)

with ε0 the permittivity of vacuum.

The charge density as function of radius r is assumed to be:

ρ(r ≤ r0) =e (ni − ne) , (2.12)

ρ(r > r0) =0. (2.13)
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Figure 2.3.2: Sketch of the coaxial model

The full derivation can be found in Appendix A. The Laplacian in cylindrical
coordinates is solved for r ≤ r0 and r > r0. Φ and ∂Φ

∂r have to be continuous in
r = r0. The resulting potential distribution then becomes:

Φ(r) =− ρ

4ε0
(r2 − r2

0)− ρ

2ε0
r2
0 (ln r − lnR) , r ≤ r0, (2.14)

Φ(r) =− ρ

2ε0
r2
0 (ln r − lnR) , r > r0. (2.15)

Using these equations for the potential distribution it is possible to calculate
the charge density that is needed to reach the potential that traps the remaining
fast electrons. Setting Φ(0) = 76 eV the charge density is 5.65× 1014 m−3. The
resulting potential distribution is shown in figure 2.3.3.

In section 2.2 it was shown that photoionization creates an ion density of
approximately 4× 1015 m−3 in the EUV beam path (at 5 Pa). The full potential
well is established when roughly 10 % of the electrons has escaped the volume.
Electrons reach the wall within 10 ns after their creation, while the duration of
the EUV pulse is 100 ns . Therefore the potential well is established at a similar
time scale, within 10 to 100 ns. When the pressure is significantly decreased, there
might not be enough electrons and ions created to trap the fast electrons. This
will happen between 0.5 to 1 Pa, resulting in a reduced maximum well potential.

2.3.2 Electron impact ionization

The electrons that are trapped in the potential well have sufficient time to collide
with the background gas molecules. Electron impact ionization is possible if the
impact energies are above the ionization threshold. In principle the reactions are
very similar to photoionization, because the possibilities are again single ionization
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Figure 2.3.3: The potential well in the coaxial approximation (eq. 2.14 and 2.15). The
beam with is indicated at r0 = 2 mm. The diameter of the experimental
geometry is 50 mm.

(eq. 2.16), dissociative ionization (eq. 2.17) and double ionization (eq. 2.18):

e + H2 2 e + H +
2 , (2.16)

e + H2 e + H +*
2 2 e + H* + H+, (2.17)

e + H2 2 e + H 2+
2 2 e + 2 H+. (2.18)

In figure 2.3.1 only the cross section for total H+ production is given. Electron
impact ionization is one of the most important energy loss mechanisms for the
electrons. Not only do they lose the ionization energy, after ionization the excess
energy is redistributed over the two resulting electrons [47]. Therefore the energy
of each of these electrons is less than half of the energy of the impacting electron.

The contribution of electron impact ionization to the plasma creation is ex-
pected to be up to two times larger than that of photoionization [48]. In chapter 6
a model is developed that shows that at 5 Pa, the density due to electron impact
is 1.3 times the density due to photoionization.

2.3.3 Cooling by inelastic collisions

After ionization, in phase II in figure 2.1.1, the electrons continue to lose their en-
ergy in momentum exchange, excitation and dissociation collisions. The electron–
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neutral collision time τea for electrons with kinetic energy ε can be calculated from
the collision cross section, the gas density and the speed of the electrons:

τea(ε) =
1

v(ε)σea(ε)na

. (2.19)

Ionization is the dominant collision process above the ionization threshold.
When the electron energy decreases, momentum exchange collisions become the
most frequent. However, the energy transfer from the electrons to hydrogen
molecules is very limited due to the large difference in weight. The transfer is
roughly equal to the ratio of the masses, so that ∆ε

ε = me

mH2

≈ 3× 10−4.

To determine the dominant processes in the electron energy loss, one should
consider the energy loss rates. The energy loss rates can be calculated by dividing
the energy loss ∆ε for each specific process by τea:

dε

dt
(ε) =

∆ε

τea
. (2.20)

The energy losses for each considered collision process are summarized in table
2.3.1. The data is from the compilation by Yoon et al [49]. In rotational and
vibration excitation the electrons lose the amount of energy equal to the rotational
and vibrational energy quanta in hydrogen. Many different collision pathways lead
to dissociation and electronic excitation. Here, only the collisions with the largest
cross sections are considered. Dissociation happens via the repulsive electronically
excited b3Σ+

u state. The electronic excitation to a stable state has the largest cross
section for B1Σ+

u .

Table 2.3.1: ∆ε for electron collisions with hydrogen molecules [49]

Collision process ∆ε (eV)

Momentum exchange me

mH2

ε

Rotational excitation 0.044
Vibrational excitation 0.516

Electronic excitation to B1Σ+
u 11.18

Dissociation via b3Σ+
u 10.45

Ionization to H +
2 15.4

Ionization to H+ 32

Figure 2.3.4 presents the energy loss rates for the above discussed processes.
Above the dissociation threshold, the energy loss is very fast due to the large ∆ε.
Here, the electrons loss rate is above 100 eV µs−1. Therefore the energy decreases
from 76 eV to below 10 eV in less than 0.7 µs. Between 0.1 to 10 eV the dominant
loss terms are dissipation by rotational and vibrational excitation. The loss time
is typically between 1 to 10 µs. Below 0.1 eV only loss in momentum exchange
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Figure 2.3.4: Electron energy loss rate for electron - molecule collisions, calculated with
eq. 2.20.

collisions occurs, which is a very inefficient process, resulting in cooling times that
are above 100 µs.

2.3.4 Thermalization by electron–electron collisions

The electrons originating from photoionization start of with a sharply peaked
energy distribution at 76 eV. Next to the cooling processes described above, the
electrons thermalize due to elastic electron–electron collisions. The collisional time
scale τee can be estimated by [50]:

τee =
6
√

2π3/2ε20
√
me(kBTe)

3/2

e4ne ln ξ
, (2.21)

with me the electron mass and ξ the Coulomb parameter given by

ξ =
12πε0(kBTe)

3/2

√
nee

3 . (2.22)

The collision time decreases with the electron density, but increases with the
electron temperature. In 5 Pa H2, using the EUV pulse energy of 10 µJ/mm2,
the electron density shortly after the EUV pulse is at least 4× 1015 m−3 (see
section 2.2) and the electron energy is 76 eV. The electron-electron collision time
is then in the order of τee = 2 ms. This is much longer than the electron-neutral
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collision time. Table 2.3.2 shows τee for various relevant electron densities and
temperatures. The density of 1× 1016 m−3 was obtained by Van der Horst in
EUV-induced plasma in 10 Pa H2 [28, 38]. After some 100 µs after the EUV pulse
the electrons are expected to have cooled to below 0.1 eV and the density is in the
order of 1× 1014 m−3 [38].

Table 2.3.2: Calculated τee for several relevant electron densities and
electron temperatures.

Te (eV) ne (m−3) τee (µs)

76 1× 1016 730

10 1× 1016 39

76 4× 1015 1800

10 4× 1015 95

1 4× 1015 3

0.1 1× 1014 4

Electron thermalization will only become relevant when the electron energy
has decreased below 1 eV. An important implication for the plasma dynamics is
that the electrons will first cool down before they thermalize.

2.4 Ion–molecule collisions

If the large number of excited states are not taken into account, the chemistry
in a pure hydrogen plasma is not very complicated due to the limited amount of
species. In this section the most important ion–molecule reactions are highlighted.
The cross sections are given in figure 2.4.1.

H+ and H +
2 are created by photoionization and electron impact ionization.

Ion–molecule collisions will be most frequent, compared to ion-ion and ion-electron
collisions, due to the low ionization rate of the EUV-induced plasma.

H+ + H2 collisions are dominated by elastic (momentum transfer) collisions
and rotational excitation of H2. The vibrational excitation cross sections become
dominant above 18 eV, but such fast H+ are not expected to be present. Asym-
metric charge transfer to H +

2 could play a minor role in the plasma sheath, when
the ion energy exceeds the threshold of 3 eV. Otherwise, there are no collisions in
this range that produce species other than the colliding particles.

Looking at H +
2 + H2 collisions, there are two dominant reactions: conversion
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to H +
3 by a proton hop collision and symmetric charge exchange:

H +
2 + H2 H +

3 + H (1.7 eV), (2.23)

H +
2 (fast) + H2 H +

2 (slow) + H2. (2.24)

The charge exchange effectively converts fast H +
2 to slow H +

2 , where the proton
hop reaction is dominant. The exothermic proton hop reaction has a very large
cross section because it is a Langevin collision: the ion induces a dipole moment in
the H2 molecule that leads to an attracting potential, called the Langevin poten-
tial. Due to the resulting high rate constant of 2× 10−9 cm3s−1[42], H +

3 becomes
the dominant ion within 0.5 µs. This makes it the most important ion–molecule
reaction regarding the plasma composition.

Vibrational excitation and collision induced dissociation (CID) are minor col-
lision pathways that occur above 4 eV. The same is true for H +

3 + H2 collisions.
Here, the cross section for elastic collisions is largest. The mean free path for all
ions in 5 Pa H2 is about 1 mm for ion energies of 0.1 eV, and increases to 10 mm
at 10 eV.

2.4.1 H +
3 chemistry

In a pure hydrogen plasma the chemistry is very limited, as described in the
previous section. However, in the presence of other species, H +

3 is highly reactive
due to its low proton affinity. It therefore donates its proton to any other atom or
molecule with a higher proton affinity in the proton hop reaction [42]:

H +
3 + X H2 + HX+. (2.25)

The proton affinities of some relevant species are listed in table 2.4.1. All species
below H2 readily react to HX+, which again is chemically active. That is the
reason that H +

3 is often the initiator of interstellar chemistry [42]. In laboratory
EUV-induced plasmas the presence of admixtures can lead to the production of
many mixed ionic species.

2.5 Ion fluxes to plasma exposed surfaces

There are two phenomena that determine the transport of ions from the plasma
to the adjacent surface: ambipolar flow and the formation of a plasma sheath.
Ambipolar flow determines the flow velocity from the plasma towards the wall
and therefore sets the ion flux density. The energy that the ions have when they
impact is determined by the electric field in the sheath region that arises when a
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Table 2.4.1: Proton affinities of atoms and molecules [42]

Species Proton affinity (eV)

He 1.84
H 2.65
N 3.39
O2 4.38
H2 4.39
O 5.04
N2 5.13
CH4 5.72
OH 6.2
C 6.42
H2O 7.22

plasma makes contact with a surface. Both these mechanisms are discussed in the
following sections.

2.5.1 Ambipolar flow

During phase II in figure 2.1.1, the electron density decays because the plasma
expands from the EUV beam volume to fill the complete experimental vessel.
When the plasma has fully expanded, the decay of the electron density continues
in phase III due to recombination at the wall. Ions and electrons are transported
to the wall by ambipolar flow, which is discussed in this section.

Ions and electrons have to move together to preserve the quasi-neutrality in the
plasma. Therefore, the flow velocity is, on the one hand, limited by the heavy and
slow ions, but is increased by the electric field that is created by the few escaped
electrons. The flow speed is governed by the ambipolar diffusion coefficient:

Da = µi (Ti + Te) , (2.26)

in which Ti and Te are the ion- and electron temperature in eV. µi is the ion
mobility[52]:

µi = µ0
i

(
105

p

)
, (2.27)

with µ0
i the ion mobility at room temperature and atmospheric pressure and p the

pressure. In EUV-induced plasma in hydrogen, H +
3 is by far the dominant ion.

The mobility is therefore taken for this ion: µ0
i =1.1× 10−3 m2V−1s−1 [53].

The typical time at which the ions are transported from the plasma volume to
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the wall is related to the characteristic ambipolar diffusion time:

τa =
Λ2

Da

, (2.28)

in which Λ is the typical length scale of the experimental vessel. In a cylindrical
geometry with length L and radius R, Λ is given by [54]:

1

Λ2 =
(π
L

)2

+

(
2.405

R

)2

. (2.29)

The vessel that is going to be used in the experimental part has a radius and
length of respectively 50 mm and 100 mm. The resulting typical length scale is
Λ = 1.74 cm. During phase II the electron temperature is between 1 and 10 eV.
The plasma expansion will therefore take between 1.3 µs and 13 µs.

2.5.2 Plasma sheath formation

Where the plasma meets a surface a boundary layer emerges that is called a sheath
[46]. Plasmas are usually charge neutral because they contain equal amounts of
positive and negative charges. In the case of positive ions, as is the case in this
thesis, the negative charge carriers are electrons. The flow of charged species out
of the plasma should be balanced to maintain the charge neutrality. Electrons,
however, are much more mobile than the ions because they are much lighter. As
a result, near the surface fast moving electrons are lost to the wall, resulting in
a space charge region where the density of ions is larger than that of electrons
(ni > ne). This situation is illustrated in figure 2.5.1. The potential distribution
in the sheath reflects electrons back into the plasma, while the ions are accelerated
towards the surface. Between the sheath an the plasma exists a weak electric field
in the charge neutral pre-sheath region.

The sheath thickness is typically a few Debye lengths (λD), which is the distance
over which significant charge separation can exist. λD is given by:

λD =

√
ε0kBTe

nee
2 , (2.30)

where ε0 is the permittivity of vacuum, kB is the Boltzmann constant, Te is the elec-
tron temperature and e is the electron charge. For a typical density of 1× 1015 m−3

and electron temperature of 1 eV, the Debye length is approximately 0.2 mm.

The sketched situation is expected to occur in the EUV-induced plasma some
microseconds after the EUV pulse, when the plasma that is created in the EUV
beam has filled the experimental geometry and the electrons have thermalized.
Then, the ion flow towards the surface, due to mass conservation, can be denoted
as:

Γi(x) = vi(x)ni(x) = visnis, (2.31)
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Figure 2.5.1: Illustration of the sheath which occurs when a plasma is in contact with a
surface. Top shows the species densities, with ni > ne in the sheath. The
bottom shows the potential distribution and the resulting ion velocities.

where vis and nis denote the ion velocity and density at the sheath edge. vis is equal
or larger than the Bohm velocity vb, that depends on the electron temperature
and ion mass:

vb =

√
kBTe
mi

. (2.32)

The ion flux density to the surface thus depends on both the electron temperature
and the ion density. Furthermore, in a collisionless sheath, the ion impact energy
(ion energy distribution function (IEDF)) is determined by the sheath-presheath
to wall potential,

Φw = −Te ln

(
mi

2πme

)1/2

, (2.33)

and the Bohm energy,

εb =
kBTe

2
. (2.34)

H +
3 is the dominant ion in a hydrogen plasma and therefore the expected ion

energy is 3.88× Te. As Te decreases to room temperature [28] also the ion energy
will decrease.

The complex and dynamic processes in the electron cooling make it difficult to
predict the behavior of the sheath potential. It is, however, expected that during a
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Table 2.6.1: Summary of typical values of important properties in
EUV-induced plasma in 5 Pa H2.

Property Typical value

EUV energy fluence 8 µJ mm−2

EUV pulse length 100 ns

Peak electron density 1× 1016 m−3

Typical Debye length 0.2 mm
Electron–electron collision time 3 to 1800 µs
Electron–neutral collision time 0.1 to 10 µs
Fast electron mean free path 10 cm

Charge density for a 76 eV potential well 5.65× 1014 m−3

In-band radiation wavelength range 10 to 20 nm
In-band radiation energy fraction 98.4 %
In-band radiation contribution to ne 8 %
Expected ion impact energy ∼ 4× Te

substantial period of the plasma decay the electron temperature is below 1 eV[28].
Therefore, the resulting IEDF will contain a majority of <4 eV ions.

2.6 Summary

In this chapter, the most important physical processes in the formation and evo-
lution of EUV-induced plasmas in hydrogen were discussed. Typical values for
important parameters are summarized in table 2.6.1.

Plasma formation is initiated by photoionization that creates ions and fast
electrons. The electrons play a key role in the plasma dynamics. Part of the fast
electrons created by photoionization escape the plasma volume, resulting in the
establishment of a large potential well. The trapped electrons lose their energy
initially in ionization, dissociation and electronic excitation collisions. Within
0.7 µs the electron energy drops below 10 eV. It takes a few µs more to cool to
1 eV. Only then also thermalization by electron–electron collisions takes place.

The ionic composition of the plasma is largely determined by the efficient ion–
molecule reaction H +

2 + H2 H +
3 + H. It is expected that a sheath exists

between the plasma and an adjacent surface. Then, the ion impact energy and
flux densities are determined by the sheath potential and the ion density at the
sheath-presheath boundary.
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General experimental setup

3.1 Introduction

In this chapter the general setup and its most important components are discussed.
Section 3.2 presents the general setup. Thereafter, in section 3.3 the in this research
used discharge produced plasma (DPP) EUV source is discussed, together with the
spectral purity filter (SPF) and the beam shaping optics. Section 3.4 introduces
the ion flux diagnostics and the EUV power sensor. To conclude, the detailed
experimental geometry is discussed in section 3.5.

3.2 General setup

Figure 3.2.1 shows a sketch of the setup. From left to right, the main parts are the
EUV source, the collector vessel and the measurement vessel. The collector vessel
contains the EUV beam shape optics. The EUV-induced plasma is generated and
the resulting ion fluxes are measured in the measurement vessel. The complete
setup is roughly 4 meters long. The source and collector vessel make up the
majority of this length. The measurement vessel is a custom DN160CF 6-way
cross with a length of almost 300 mm.

The working pressure in the measurements vessel is usually between 0.1 and
10 Pa. Differentially pumping ensures that the background pressure can be con-
trolled independently of the pressure in the EUV source and collector vessel. A
cone between the measurement vessel and the collector vessel reduces the back flow
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Figure 3.2.1: Sketch of the experimental setup (not to scale). The most important parts
are the EUV source, the collector vessel with the focusing optics and SPF,
the experimental chamber and the ion detecting equipmet; in this case the
EQP is installed. The RFEA can be placed at exactly the same position.

of gases. Prior to an experiment, the vessel is pumped down to a base pressure of
1× 10−5 Pa, after which hydrogen is introduced through a needle valve. The gas
pressure is measured using a Baratron capacitive pressure gauge and stabilized
with a feedback loop between the gauge and the needle valve. The EUV pulse
energy can be measured using an in-house developed calorimetric power sensor,
that can be moved in and out of the EUV beam path. The ion flux diagnos-
tics are placed a few centimeters after the beam focus. Two independent devices
will be used: the Electrostatic Quadrupole Plasma analyzer (EQP) and the Re-
tarding Field Energy Analyzer (RFEA). Either one of these can be placed at the
measurement position. In figure 3.2.1 the EQP is installed.

The remainder of this chapter is structured as follows. Section 3.3 discusses
the EUV source, collector vessel and SPF, that together determine the EUV beam
properties in the measurement vessel. Thereafter, in section 3.4, the ion flux
diagnostics and the EUV power sensor are introduced. To conclude, the details of
the configuration in the measurement vessel are given in section 3.5.

During the project, considerable effort was made in the development of the ion
flux diagnostics to make them applicable for the use in EUV-induced plasma. In
Part II of this work, the progress in the ion flux diagnostics is discussed in much
detail. Therefore, they are only briefly introduced in this chapter.
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3.3 EUV source

There are basically two concepts for relatively compact (in comparison with a
synchrotron), high powered, EUV light sources at 13.5 nm. The first one is a laser
produced plasma (LPP) source, in which tin, usually in the form of droplets, is
ionized to high ionization levels by irradiation by a high power laser, up to the
point where tin ions start to radiate in the EUV. This concept is applied in the
current EUV lithography machines. The second concept is a discharge produced
plasma (DPP) EUV light source, in which a pinch discharge in xenon gas or tin
vapor generates the EUV radiation. This discharge can be assisted by a laser
pulse (LDPP), which is usually the case when tin vapor is used. All these plasma
light-sources are pulsed sources. The current research is conducted using the
xenon-based SoCoMo DPP EUV sources in the ASML research lab in Veldhoven.

The SoCoMo EUV source used here has previously been described in much
detail by Bergmann and in a few preceding theses [6, 7, 55–57]. Here we suffice
with only a brief description of the source and the important characteristics. The
DPP source is shown schematically in figure 3.3.1. Xenon is introduced in the
discharge gap at a pressure of typically 10 Pa. The capacitor bank is charged
while the trigger electrode in the hollow cathode is biased positively with respect
to the cathode to prevent a spontaneous discharge. The discharge is triggered by
switching of the trigger potential, upon which a weak plasma is created in the
hollow cathode, that expands into the discharge gap. This way, a conducting path
is formed between the anode and the cathode and the capacitor bank discharges
over the electrode gap. The discharge currents of 10 to 20 kA create a pinch due to
inwards directed Lorentz forces. Ohmic heating subsequently heats the xenon gas
to over 300 000 K, which creates highly ionized states that radiate in the EUV. The
resulting pulse duration is typically 50 ns (full width at half maximum (FWHM)).
The source is operated at a repetition frequency of 500 Hz.

The spectrum has been measured by Kieft [57, 58] and is shown in 3.3.2. In
the context of EUV lithography, ideally the spectrum would only contain radiation
close to 13.5 nm. In reality the spectrum is quite broadband. The part between 10
to 20 nm is referred to as in-band radiation. To limit the amount of out-of-band
radiation a spectral purity filter (SPF) is used. The transmission is also plotted
in figure 3.3.2. The spectrum after the SPF was determined by convolution of the
spectrum without SPF with the transmission.

The SPF is a delicate 50 nm thick Si:Zr membrane. Due to the fragility, the
SPFs tend to break easily and are therefore considered a consumable part. The
consistency of the transmission of four SPFs have been measured at the Extreme
Ultraviolet Reflectometry (EUVR) beam line of the Physikalisch-Technische Bun-
desanstalt in Berlin. Uncertainties in the transmission are smaller than 0.8 % in
the range from 30 to 60 eV (20 to 60 nm) and less than 0.25 % below 20 eV.
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Hollow cathode

Capacitor bank

Trigger electrode

Figure 3.3.1: A sketch of the xenon DPP EUV source. Upon switching off the trigger
potential a low density plasma generated in the hollow cathode that sub-
sequently expands in the discharge gap. Thereby a conducting channel
is formed, that allows the capacitor bank to discharge, creating an EUV
radiating pinch discharge. Image courtesy of Ruud van der Horst [7].
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Figure 3.3.2: The normalized spectrum before and after the SPF from 10 to 80 nm. The
source spectrum was measured [57, 58]. To obtain the spectrum after the
SPF it was convoluted with the transmission of the SPF. The transmission
is shown in a dashed line. The spectral region between 10 to 20 nm is
marked as in-band radiation.
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The EUV radiation is collected and focus into the measuring vessel by the
collector that consists of 8 rotationally symmetric ellipsoid and hyperboloid grazing
incidence mirrors [59]. The focus point is referred to as the intermediate focus (IF).
Here, the beam waist is 4 mm and the divergence is 10°. The SPF is placed a few
centimeters before IF. The pulse energy, with the SPF installed, is in the order
of 100 µJ. The energy can be reduced by installing reduction plates between the
collector and the SPF, that block a part of the radiation.

3.4 Diagnostics

The goal of this research is to experimentally characterize the ion fluxes towards
surfaces exposed to an EUV-induced hydrogen plasma. To detect ions in the
plasma volume, one could study the plasma using techniques, such as optical
absorption spectroscopy. For example, H +

3 has absorption lines in the infrared [60].
H+, on the other hand, is not spectroscopically observable due to the absence of
electrons and corresponding energy levels. Langmuir probe measurements provide
an alternative method to derive ion and electron densities and temperatures. The
downside of this technique is that the plasma is disturbed by the probe and hence
the influence of the probe has to be considered using probe theory. However,
especially in transient low density plasmas the applicability of probe theory cannot
always be justified [61]. Even if the plasma could be fully characterized, there are
still models required to predict the ion fluxes towards exposed surfaces.

Therefore, more direct techniques are applied in this work that measure ion
fluxes with probes integrated in the plasma exposed surface. Two devices that are
used are the Electrostatic Quadrupole Plasma analyzer and the Retarding Field
Energy Analyzer. This section shortly describes these two diagnostics. Both are il-
lustrated in figure 3.4.1. They will be discussed in much more detail, together with
the diagnostic development work performed in the present research, in chapters 4
and 5. To conclude this section, the calorimetric EUV power sensor is described.

3.4.1 Electrostatic Quadrupole Plasma analyzer

The EQP (EQP1000, Hiden Analytical Ltd.) is an ion mass spectrometer, capable
of measuring energy, mass and time resolved ion fluxes. The specification of the
EQP are as follows. The secondary electron multiplier (SEM) ion detector has a
large dynamic range of seven orders of magnitude, the energy filter has a range of
0 to 1000 eV and the range of the mass filter depends on the specific RF generator
that is used to power the filter, which is 1 to 50 amu during this project.

As shown in figure 3.4.1a, the system consist of a rigid vacuum housing that is
differentially pumped. Ions are sampled through a 20 µm diameter sample orifice
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(a) The EQP1000 (Hiden Analytical Ltd.). Indicated are (1) the sample orifice, (2) the
flight tube, (3) the energy filter, (4) the mass filter and (5) the ion detector [62].

1

2

3

(b) The Semion Single Sensor RFEA (Impedans Ltd.). Indicated are (1) the button
probe(s), (2) the vacuum feed-through and (3) the acquisition unit [63].

Figure 3.4.1: Illustrations of the EQP (a) and the RFEA systems (b).

38



3.4. DIAGNOSTICS

at the front (1). The ions are thereafter transported through the flight tube (2),
energy filtered (3) and mass filtered (4) before they are detected by the ion detector
at the end (5). Ions are transported by no less than 15 individually adjustable
electrostatic lenses. Finding the optimized settings is therefore far from trivial, as
will be discussed in chapter 4.

The EQP is attached to the vacuum vessel at the flange located just before the
energy filter. The flight tube extends 400 mm into the vessel. The system comes
with a control unit, RF generator for the mass filter and separate voltage source
for two of the electrostatic lenses, which all need to be placed in reasonably close
vicinity of the EQP. Integrating the EQP in an experiment, therefore, requires a
careful design of the experimental setup.

3.4.2 Retarding Field Energy Analyzer

The RFEA (Semion Single Sensor, Impedans Ltd.), also called retarding potential
analyzer, is a relatively simple, compact and affordable device that can be used to
measure both the IEDF and absolute ion flux densities. In contrast to the much
more expensive and complex to operate EQP, the RFEA lacks mass separation,
which is often not required.

As is shown in figure 3.4.1b, the system consists of a flat (replaceable) but-
ton probe with a sensitive area of approximately 10 mm in diameter (1) that is
connected via a cable to a vacuum feed-through (2). The flat form factor of the
button probe allows for the easy installation on surfaces where the ion flux is
to be measured. Due to the design, it is a very flexible system, with regards to
installation, and can therefore be incorporation in excising experimental setups.
The feed-through also contains the filter circuits and provides the link between the
button probe and the acquisition unit (3) that contains, for example, the voltage
sources.

RFEAs are commonly used to measure the IEDF in commercial and scientific
applications [20, 64–67]. However, in most cases the measured ion flux density is
considered unreliable and therefore not usable due to the unknown transmission
of ions through the device [65, 68]. Therefore, chapter 5 describes the analysis of
the effective transmission by simulating ion trajectories through an RFEA. After
this procedure, the RFEA will be used mostly for ion flux density measurement.
The large dynamic range of the EQP makes it more suitable for the measurement
of the ion energy distribution functions.
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3.4.3 Calorimetric EUV power sensor

The spectrum integrated EUV pulse energies are measured before and after each
measurement using a calorimetric power sensor, which has been described by Van
der Horst [69] and Reefman [70]. The working principle of this in-house developed
sensor is based on the temperature rise of a copper disk (diameter of 17 mm and
thickness of 2 mm) that is placed in the beam path of the EUV. The reflectivity
of copper below 200 nm is only 0.1 % [71], hence almost all EUV is absorbed in
the form of heat which causes the temperature to rise. Emission of photoelectrons
only accounts for 0.022 % of the absorbed radiation energy [7]. When heat losses
can be ignored, the temperature T increases according to a linear function of the
input (EUV) power PEUV :

T (t) = PEUV × C × t+ T0, (3.1)

in which C is the heat capacity of the copper disk and T0 is the initial tempera-
ture (room temperature). To ensure that heat losses can indeed be ignored, the
conductive losses are brought to a minimum by supporting the disk only with a
very small Teflon holder. Furthermore, radiative losses can be ignored when the
temperature remains close to room temperature and convective energy losses are
negligible at the low pressures (10−5 Pa) at which this sensor is used.

The heat capacity of the copper disk depends on its mass (mCD = 4.4084± 0.0001 g),
the molar mass of copper (M = 63.55 g mol−1) and the specific heat (cmol =
24.440 J mol−1 K−1) [72]:

C =
mCDcmol

M
= 1.70± 0.01 J K−1. (3.2)

The EUV pulse energy can therefore be determined by measuring the temper-
ature rise of the disk under EUV exposure. A temperature sensor is attached to
the back of the disk (Analog Devices AD590), which has a repeatability of ±0.1 K.
The EUV can be temporarily blocked with a shutter when the disk is being placed
in the EUV intermediate focus point using a vacuum manipulator. An example
measurement is shown in figure 3.4.2. Upon opening the shutter the temperature
starts to rise. A linear fit (red dashed line) yields the slope of the temperature
curve, which depends on the EUV power according to eq. 3.1. The EUV pulse en-
ergy is subsequently calculated by dividing the EUV power by the pulse frequency.
The temperature rise is typically smaller than 1 K, which justifies the assumption
that radiative losses can be neglected. The statistical variation between measure-
ments performed shortly after each other is less than 5 %. However, the EUV pulse
energy can drift up to 10 %, either up or down, over several hours due to wear of
the EUV source’s discharge electrodes.
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Figure 3.4.2: Example of an EUV pulse energy measurement with the calorimetric
method. The temperature curve is shown, with a gray error bar. The
red dashed line represents the linear fit. Figure courtesy of Pim Reefman
[70].

3.5 Detailed experimental geometry

The EUV-induced plasma is generated in the experimental vessel. This section
describes the details of the experimental geometry in which the plasma is studied.
A schematic drawing is shown in figure 3.5.1. The EUV enters through the narrow
opening of the cone that separates the collector vessel and the experimental vessel.
The IF is located 20 mm after the cone. Here, the beam diameter is 4 mm. After
the IF the beam expands with a divergence of 10°, until it reaches a grounded plate,
80 mm behind the IF, that holds the ion flux diagnostics. The beam diameter here
is 32 mm. The EQP and RFEA are attached to the vessel using a three directional
stage to allow for a flexible positioning.

The experimental geometry is limited by an aluminum cylinder (figure 3.5.2),
with a length and a diameter of 100 mm. This cylinder aids the interpretation of
the measurement results and facilitates numerical modeling by providing a well
defined cylindrical geometry. EUV enters the cylinder via an aperture in the
bottom plate that coincides with the exit hole of the cone. The other side is closed
off by the plate that accommodates the RFEA or the EQP. A rectangular aperture
in the side of the cylinder allows the calorimetric power sensor to be placed in
the EUV beam. A plate attached to the bottom of the power sensor closes the
aperture when the sensor is retracted from the EUV beam. Eight additional holes
in the bottom plate ensure that the gas pressure inside the cylinder is equal to the
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Figure 3.5.1: Detailed configuration of the experimental vessel. This figure shows the
configuration with the RFEA installed. The EQP can be placed at exactly
the same position, as was shown in figure 3.2.1. EUV from the source
is focused by the collector in the intermediate focus (IF). When the beam
hits the RFEA or EQP the diameter has expanded to 32 mm. Furthermore,
the retractable EUV power sensor is shown, with the plate that closes the
entrance hole when the sensor is not in use.
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Figure 3.5.2: Front and back view of the cylinder. The functions of the apertures are
indicated.

pressure in the surrounding vessel. The side of the cylinder contains additional
openings where the EQP or RFEA could also be placed, with their sample opening
parallel to the EUV beam. These have not been used in this work.

Some of the important experimental parameters are summarized in table 3.5.1.

Table 3.5.1: Summary of the characteristics parameters during
measurement at the SoCoMo discharge produced
plasma EUV source.

Parameter Value

Pressure 0.1 to 10 Pa
EUV pulse energy 125 µJ
Source repetition rate 500 Hz
Pulse duration (FWHM) 50 ns
Source working gas Xe
Beam diameter at IF 4 mm
Beam diameter at measurement location 32 mm
Beam divergence 10°
Cylinder diameter 100 mm
Cylinder length 100 mm
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Progress in ion flux
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Introduction

This part describes the progress in the ion flux diagnostics achieved in this project.
The two devices that are used are the Electrostatic Quadrupole Plasma analyzer
(EQP) and the Retarding Field Energy Analyzer (RFEA). The characteristics of
these devices are summarized in table 3.5.2. The EQP is an ion mass spectrometer
that can perform mass, energy and time resolved measurements of the ion flux.
Due to the complexity of the device it proved to be impossible to perform an
absolute calibration for flux density measurements. Therefore, the RFEA was
used in concert. This device is much smaller and simple in construction, and
can therefore easily be integrated in an experiment. It lacks, however, the mass
resolution and has a much smaller dynamic range than the EQP.

Table 3.5.2: Characteristics of the ion flux diagnostics

Device Purpose Mass Energy Time Dynamic
resolved resolved resolved range

EQP IEDFs X X X 1× 107

RFEA Absolute flux densities × X X 1× 103

Both devices have been used extensively in experimental and industrial plasma
applications where ion fluxes are important. However, the application to the
highly transient plasma that is investigated in this thesis, in combination with
EUV radiation, is far from trivial, even for the manufacturers of the devices. The
following part describes the developments in the ion diagnostics that were required
to successfully characterize the ion fluxes in EUV-induced plasmas.

Chapter 4 studies the electrostatic quadrupole plasma analyzer (EQP) in detail.
After an assessment of the transfer of ions from sample orifice to detector, time
resolved measurements are studied theoretically and experimentally.

Chapter 5 focuses on the retarding field energy analyzer (RFEA) used mainly
for ion flux density measurements. The transmission of the grid structure is de-
termined using simulations of ion trajectories. The current findings have doubled
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the functionality of the device, because it can now be used for the measurement
of both the ion energy distribution and flux densities.
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Electrostatic Quadrupole Plasma
analyser

4.1 Introduction

The commercially available Electrostatic Quadrupole Plasma analyser (EQP) (EQP1000,
Hiden analytical Ltd.) is one of the main diagnostics used in this work. The
EQP is a mass spectrometer that is designed specifically to detect (plasma) ions.
This type of diagnostics are commonly referred to as plasma monitors, ion-mass
spectrometers or simply combined energy analyzer/mass spectrometers. Energy-,
mass- and time-resolved measurements of ion fluxes are possible and the device has
a very large dynamic range. This combination has made the EQP quite popular in
academic plasma research where ion wall fluxes are investigated [73–82]. However,
operation of such a device and the interpretation of the output data is far from
trivial. Furthermore, the device is much larger than, for example, the retarding
field analyzers that will be discussed in the next chapter. This makes it difficult
to incorporate the EQP in industrial applications.

The EQP will be placed a few centimeters after the intermediate focus of the
EUV beam, as was described in chapter 3. Because the EQP faces the source, the
sample surface will be directly exposed to EUV.

Past work has illustrated important EQP characteristics, such as the accep-
tance angle and the effect of some of the electrode settings on the ion trajectories
[74, 83]. Because the target plasma in these cases was a capacitively coupled
radio-frequency discharge, the focus was on ion fluxes with an energy distribution
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up to tens or hundreds of eV. In the current work, the expected ion energies are
lower, in the order of a few eV, due to the afterglow-like plasma. Therefore, the
conclusions from previous work will be analyzed for appropriateness in the current
conditions.

This chapter will start with a brief description of the operating principles of
the EQP in section 4.2. Thereafter, in section 4.3, it is described how the ions
that hit the sample orifice of the EQP are translated to the measured ion signal.
The conclusion will be that an absolute calibration of the ion flux density is not
feasible in the EUV-induced plasma. Therefore, the EQP will be used only for
measurements ion energy distribution function. After that, in section 4.4 the
ion trajectories inside the EQP will be investigated using the SIMION simulation
package to obtain the acceptance angle. What follows in section 4.5 is a study
in the implementation of time-resolved measurement using the EQP, which is
essential to study the transient ion fluxes. To conclude, some practical aspects are
discussed in section 4.6. The developments described in this chapter have enable
the EQP to be used for the measurements of the ion energy distributions in the
highly transient EUV-induced plasma. However, it will also be shown that there
is still some room for improvement because the influence of certain EQP settings
on the measurement results is not fully understood.

4.2 The EQP in short

The main components of the EQP are the ion optics, energy filter, mass filter and
ion detector. These components are marked in the sketch in figure 4.2.1. The
vacuum tight housing is differentially pumped from the experimental chamber to
an operating pressure below 10−4 Pa.

Ions enter the EQP through a sample orifice. The first ion lens system, con-
sisting of the extractor and lens1 electrodes, focuses and accelerates the ions into
the drift tube. Lens2 and the quadrupole lens shape the ion beam for optimal
transmission through the energy filter. Before entering the quadrupole mass filter
(QMS) the ions are decelerated to improve the mass resolution of the filter. At
the end of the device ions are detected by a secondary electron multiplier (SEM)
detector.

The energy filter is a 45° sector field energy analyzer. The pass energy is set to
a fixed value. Therefore, in order to detect ions with initial energy εi, the first lens
system should accelerate the ions to the pass energy. This acceleration represents
an energy shift of the complete IEDF.

The mass filter is a triple-section quadrupole mass filter which separates ions
bases on the stability of their trajectories in oscillating electric fields. The ions
have to experience sufficient RF cycles in the mass filter to provide a adequate
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Figure 4.2.1: Sketch of the EQP [62]. All labels, except Orifice represent electrodes
with an adjustable potential. The groups Ionisation source, Quadrupole
lens, Mass filter and Detector are systems consisting of multiple adjustable
electrodes.

resolution and sensitivity. Therefore the ions first get decelerated to the transit
energy, which is 3 eV.

There are two detectors fitted: a Faraday cup, which is used for the high count
rate range, and a more sensitive secondary electron multiplier (SEM). In most of
the cases the latter will be used. The SEM has a curved horn-like funnel shape
that is put at a high potential which accelerates charged particles to its surface.
Upon impact secondary electrons are emitted, which will also collide with the sur-
face and thereby start an avalanche. The resulting electron current is measured at
the end of the funnel. The 1st dynode sets the voltage on the front of the detector,
which is in the order of −3500 V.

4.3 Conversion of ion flux to count rate

During an EQP measurement the ion flux incident on the sample orifice is trans-
lated to an electronic signal. The incident flux is a function of ion mass, energy
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and angular spread. The measured signal is a count rate Cm(ε), in which all infor-
mation about the angular distribution is lost. Calibration on a known ion source is
non trivial, because the angular distribution is often specific to the plasma under
investigation. The following section analyzes all parts that contribute to the trans-
lation of incident flux to count rate, beginning with the sample orifice dimensions,
followed by the acceptance angle, bandwidth of the energy filter, transmission of
the mass filter, and ending with the efficiency of the ion detector.

Orifice size

The sample orifice should be sufficiently small to ensure that the plasma is not
influenced by the presence of the sample orifice, and to prevent plasma from pen-
etrating the EQP, which would disturb the electrostatic fields inside the mass
spectrometer which in turn would perturb the measurement of the IEDF. Experi-
mentally this is manifested as a significant reduction of the <2.5 eV ion flux, which
are instead detected with an apparent negative energy. The limiting length scale
is the Debye length, which is the distance scale over which electrostatic effects are
screened by the plasma, and which is given by:

λD =

√
ε0kBTe

nee
2 , (4.1)

with ε0 the vacuum permitivity, kB the Boltzmann constant, Te the electron tem-
perature, ne the electron density and e the electron charge.

The smallest Debye length is estimated using the electron temperature of 1 eV
and peak density of 3× 1016 m−3 measured with MCRS [38], which was translated
from the electric field averaged electron density to the actual density [28]. The
resulting Debye length is 43 µm. Using a 50 µm orifice a substantial amount of
ions with an apparent negative energy were detected together with a 20 times
reduction in the H +

3 flux below 1 eV, see figure 4.3.1. Therefore a sample orifice
with a diameter of 20 µm is used. Using this orifice no ions with apparent negative
energy were measured.

Orifice geometrical transmission function

The finite dimensions of the sample orifice opposes a transmission function on the
IEDF of impacting ions. The transmission through the orifice depends on the ion
angle and position of arrival. The transmission function has already been partly
derived by O’Connell [83], but the equations here are solved numerically for our
specific orifice.

In general the orifice or pinhole can be described with a radius R and a depth
L, as illustrated in figure 4.3.2. The maximum angle θmax at which the ions can
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Figure 4.3.1: IEDFs measured with a 50 µm orifice. Plasma penetrating into the EQP
results in the depletion of low energy ions (<2 eV) and the detection of
ions with an appearant negative energy, here visible at H+ and H +

3 . An
SPF was used.

still pass the orifice is given by:

tan θmax =
2R

L
. (4.2)

Ions passing through the entrance of the orifice at position −→r under angle θ will
reach the exit plane of the orifice somewhere on a circle centered at −→r with a
radius r′ = L tan(θ). When this circle coincides with the wall of the orifice, ions
collide and the transmission is reduced. Three situations can occur, depicted in
figure 4.3.3:

I. r′ < R & |−→r | + r′ < R, the circle at the exit plane falls totally within the
radius of the orifice and therefore all ions are transmitted.

II. r′ < R & |−→r |+ r′ > R, the circle at the exit plane intersects with the orifice
wall and therefore a part of the ions are blocked.

III. r′ > R and therefore a part of the ions is blocked.

The fraction of the ions that is transmitted is given by:

Φ(r, θ) = arccos

(
L2 tan2(θ)2 + r2 −R2

2rL tan θ

)
/π = arccos

(
ρ2 + ψ2 − 12

2ρψ

)
/π,

(4.3)
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where

ψ =
L tan θ

R
=

2 tan θ

tan θmax

, (4.4)

and
ρ =

r

R
. (4.5)

Situations I and II therefore correspond to ψ < 1 and III corresponds to ψ > 1.
By integrating eq. 4.3 over ρ the transmission at the impact angle θ is obtained:

T (ψ(θ)) =

∫ 1−ψ

0

2ρdψ +

∫ 1

1−ψ
2ρΦ(ρ, ψ)dρ, ψ < 1 (4.6)

T (ψ(θ)) =

∫ 1

ψ−1

2ρΦ(ρ, ψ)dρ, ψ > 1. (4.7)
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Figure 4.3.4: The orifice transmission function for an orifice with dimensions L = 2R
calculated using eq. 4.6 and 4.7.

These integrals can be integrated numerically. For our orifices, L = 2R, and
therefore θmax = 45° and ψ = 1 at θ = 26.6°. The resulting transmission function
is shown in figure 4.3.4 as function of θ.

Acceptance angle

Besides the geometrically limited ion impact angle the electrostatic lens system
poses another limitation on the maximum angle θa at which ions can be detected
[74]. Outside this acceptance angle ions are not transmitted to the energy filter.
The potentials applied to the electrodes directly influence θa. In section 4.4 the
ion trajectories inside the EQP are simulated to determine θa. Figure 4.3.5 shows
the acceptance angle for the extractor and lens1 potentials used in measurements.
For the given settings θa decreases fast between 0.5 to 5 eV until it stabilizes at
1°. Below 0.5 eV θa peaks at 25°.

Table 4.3.1: EQP electrode settings.

Electrode Potential (V)

Extractor -41
Lens1 -211
Axis -40

With the EQP it is not possible to directly measure the angular-resolved ion
flux. Theoretically it should be possible to adjust the acceptance angle by altering
the electrode potentials and monitor the measured ion flux. However, above ion
energies of a few eV the acceptance angle will be very limited. Therefore PIC
simulations by RnD ISAN1 where used to investigate the relevance of the EQP

1
Dmitry Astakhov, RnD ISAN, private communication 2016
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Figure 4.3.5: The acceptance angle for the extractor and lens1 potentials of −40 V and
−211 V, respectively.

acceptance angle.

Figure 4.3.6 shows the cumulative integral of the time averaged ion flux as
function of ion incidence angle. Note that the solid angle is related to the incidence
angle by Ω = 2π(1− cos θ) and therefore the cumulative flux of species i at kinetic
energy ε is defined as:

Γi(θ, ε) = 2π

∫ θ

0

fi(θ, ε) sin(θ)dθ, (4.8)

where fi is the angular-resolved ion flux.

The angular distributions found in the simulations are much broader than the
acceptance angle. Therefore, only a small fraction of the flux is measured.

The small acceptance angle renders the distinction between measurement of the
ion kinetic energy distribution and the velocity distribution in forward direction
[77] irrelevant; a discussion that is often held among ion mass spectrometrists
(and for good reason) . The difference due to the kinetic energy and the energy
associated with the velocity perpendicular to the sample surface is much smaller
than the energy bandwidth of the energy filter. For example, an ion with kinetic
energy 100 eV, impacting at an angle of 2° has a perpendicular velocity energy
of cos2 2° × 100 eV = 99.94 eV. The difference of 0.06 eV is much less than the
energy filter bandwidth half-width-at-half-maximum of 0.3 eV. Also at low energy,
with θa peaking at 25° for 0.5 eV, the perpendicular energy of 0.45 eV cannot be
distinguished from the kinetic energy.
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Figure 4.3.6: Simulated cumulative ion flux as function of incidence angle for H+ and
H +

3 . The energy resolution is 0.5 eV.

Bandwidth energy filter

Figure 4.3.7 shows the measurement of the IEDF of a potassium ion source as
supplied by Hiden [84]. Potassium ion sources are known for their narrow energy
bandwidth at 2.04 eV [85]. The measured energy distribution therefore represents
the energy bandwidth of the device, which in this case is determined by the energy
filter bandwidth. The energy filter has a full width at half maximum of 0.6 eV.

Transmission quadrupole mass filter

The mass dependent transmission of the quadrupole mass filter (T (m/z)) and the
detector efficiency (θ(m/z)) introduce a mass dependency in the measured signal.
According to literature, the mass discrimination is a decreasing function, propor-
tional to (m/z)−b, with b ranging from 0.57 to 1 for Hiden mass spectrometers
[86–90]. None of these publications specifically targeted hydrogen species and
therefore the accuracy below 4 amu (He+) is questionable.

Therefore the transmission was determined experimentally, which required a
known ion flux to be put through the mass filter. Therefore the experimental
vessel was filled with a known gas at a fixed density n0. The internal ionizer was
used to ionize the gas that enters through the sample orifice. The ions are created
with near zero kinetic energy and are accelerated into the drift tube by the axis
potential. They pass the energy and mass filter and are eventually detected.

The ionizer consists of a hot wire emitting electrons and a biased plate that
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Figure 4.3.7: Measurement of the IEDF from a narrow energy bandwidth potassium
source at 2.04 eV [84]. The measurement has been fitted with a Gaussian
profile to determine the width of the distribution.

controls the electron energy ε. The number of ions created in the ionizer φ depends
on the electron emission current Ie, ionization cross section σeii, and the gas density
in the ionizer nionizer:

φ(ε) = Ie × σeii(ε)× nionizer. (4.9)

Furthermore, the abundances of all isotopes in the gases are taken into account.

The density in the ionizer results from a weak beam generated when the gas
enters the EQP (nbeam) and from a background density (nBG) due to the balance
between inflow through the orifice and differential pumping of the EQP. The beam
density is determined by the radius of the orifice R and the distance from orifice
to ionizer x [81]:

nbeam =
1

4
n0

(
R

x

)2

. (4.10)

A larger margin of error is expected in the estimation of the background density,
which is done by balancing the inflow and the pump speed Spump:

nBG =
n0Ca
Spump

, (4.11)

where Ca is the mass dependent conductance of the orifice:

Ca =
1

4
Av̄ =

1

4
πR2

√
8kBT

πM
, (4.12)
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in which A is the orifice area and v̄ is the thermal gas velocity at gas temperature
T . The species dependent pump speeds have been provided by the supplier of the
turbomolecular pump. The typical densities found are in the order of nbeam ∼
1014 m−3 and nBG ∼ 1015 m−3. Hence, the beam density is more than 10 times
smaller than the background density.

The relative transmission of the mass filter for species i can now be determined
from the measured ion flux Ci:

TQMS,i(ε) =
Ci

βφ(ε)
. (4.13)

β is the extraction efficiency of the ions, which is unity for all direct ionization
processes [89].

This approach is extremely sensitive for the electron energy dependent ion-
ization cross section and can be troubled by other ionization processes such as
dissociative ionization. The accuracy was enhanced by applying Appearance Mass
Potential Spectrometry (APMS) [88, 89]. The electron energy in the ionizer was
scanned while measuring the ion signal. Single ionization cross sections are linear
with electron energy for several eV above the ionization threshold [88] resulting
in a linear increase in ion signal. The slopes of the lines fitted to the ion signal
as function of electron impact energy (Ai), and to the ionization cross section as
function of the electron impact energy (λi) now yield the relative transmission in
which any other processes than direct ionization have been eliminated:

TQMS,i =
Ai

λinionizer

. (4.14)

The gases used for this procedure were H2, He, N2, O2 and Ar. The pressure
in the vessel was fixed at 5 Pa. The ionization cross sections used are from [49]
(H2), [91] (N2 and O2) and [92] (He and Ar). An example of such a measurement
in He is shown in figure 4.3.8. The transmission as function of ion mass is shown
in figure 4.3.9. The transmission is found to vary by a factor 2 to 3 in the range
from 2 to 40 amu.

4.3.1 Transfer function

After analyzing the transmission of ions through the various parts of the EQP it is
now possible to describe the conversion of incident flux to a count rate mathemat-
ically. The ions to be measured with mass m have a velocity distribution function
at the position of the orifice that is a function of mass, energy and impact angle,
which we shall denote fm(E, θ). The EQP converts the distribution function to the
measured signal with a transfer function that depends on the characteristics of the
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Figure 4.3.8: APMS measurement in He. The ionization cross section [92] and measured
ion flux are plotted as function of electron impact energy.
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Figure 4.3.9: Mass dependent transmission determined by APMS (eq. 4.14).
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EQP: the energy bandwidth ∆E, transmission efficiency through the mass filter
TQMS, quantum efficiency of the SEM ηSEM, the orifice size A and transmission
function To and the acceptance angle due to the electrostatic lenses θa.

The transfer function is found by integrating over the energy bandwidth and
the solid angle set by the acceptance angle:

Cm(ε) = 2πATQMSηSEM

ε+ 1
2 ∆E∫

ε− 1
2 ∆E

θa∫
0

fm(ε, θ)To(θ)sin(θ)dθdε. (4.15)

Most of these factors have been analyzed in the text above. The SEM detector
is operated in pulse counting mode with ηSEM close to 1. The transmission of the
QMS was shown to be independent of ion mass. According to the supplier it is
between 1 and 10 %, which leaves a large error margin.

With the transfer function it is possible to predict the signal that is going to be
measured for a known influx of ions. This is required when comparing measured
IEDFs with results from numerical simulations. Unfortunately, it is not possible
to determine the influx from the measured signal, because all information about
the angular distribution is lost. Therefore, in this thesis the measured energy
distributions will be presented in raw units of counts-per-second.

4.4 Simulation of ion trajectories

The large number of adjustable electrodes creates a large parameter space from
which the EQP settings need to be chosen. These settings directly impact the
transmission of the EQP in two ways. First, the acceptance angle is influenced,
and second, the intermediate focusing of the ion beam is affected.

In experiments, most of the times the settings are chosen for a maximum ion
signal, which means large acceptance angle and an internal beam shape optimized
for transmission through the energy filter. The automatic optimization routine,
implemented in the EQP software, does exactly this: it measures the signal of
a certain ion of choice at a certain energy and subsequently ramps the potential
on each electrode. After each scan the electrode potential is set to the value
that yields the highest signal. This iterative process is quite successful at finding
the optimized settings at the energy used during tuning. (Section 4.6.3 shows an
example in which the optimum settings are not found using this routine.)

This procedure does not take into account chromatic aberrations of the ion
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lenses. As with lenses for optics, under many conditions the focal length of an
electrostatic lens depends on ion energy [74]. Therefore the optimization for one
energy does not directly result in a optimized transmission at the entire energy
range and the IEDF can get distorted.

Traditionally simulations of ion trajectories have been used to determine the
acceptance angle and to find EQP settings with reduced aberrations [73, 74, 78,
79, 93]. SIMION is a software package for the simulation of charged particles
optics [94, 95] and, therefore very suited for this application. It calculates the
electrostatic fields in 2D or 3D geometries and the trajectories of charged particles
moving through those field using an integration process using a modified 4th order
Runge-Kutta technique [96]. The time step is varied so that the ions move a fixed
amount of distance in a single time step. SIMION automatically reduces this time
step if needed, for example when crossing boundaries, high field curvatures or
velocity reversals.

Electrostatic forces are initially computed at the simulation mesh resolution.
SIMION then generates a 64 point array (in 3D) in which the potential is calculated
via linear interpolation [96].

The current improved computing power allows for a more in-depth analysis of
ion trajectories inside the EQP. In the following part new requirements for the
EQP settings are proposed. A comparison to experimental results is made that
shows that the SIMION simulations can successfully predict trends but that the
experimental results cannot always be fully understood, especially for sub 10 eV
ion energies.

4.4.1 Model

Hiden Analytical Ltd. supplied diagrams of the internal electrode structure of the
first part of the EQP. Based on these an electrostatic 3D model was constructed
containing the extractor, lens1, axis and lens2 electrodes. These electrodes form
the electrostatic lenses that control the acceptance angle. Figure 4.4.1 shows the
cross section of the model’s geometry. The sample orifice is located on the far left.
Equipotential lines are shown corresponding to typical operating settings.

The transmission is determined by injecting ions in the orifice with a wide
angular distribution. The part of the ions that is within the acceptance cone is
transfered to the end of the geometry, where they would enter the energy filter.
Ions outside the acceptance cone collide with either the side wall, electrode or an
aperture, upon which they are lost. Ions are considered transmitted when they
pass through a so called ’detection disk’, which is a circular area with a radius of
1 mm located on the axis just in front of lens2. The ion beam passing through this
disk is shaped by the lens2 and following lenses for optimum transmission through
the energy filter.
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(b) Geometry with the electrodes indicated. Potentials
applied are Extractor: −41 V, Lens1: −211 V, Axis:
−39 V (target ion energy is 1 eV), Lens2: −100 V.
During ion measurements the ionizer is at the same
potential as axis. The equipotential lines (red)
shown are spaced at 15 eV.

Figure 4.4.1: SIMION EQP model geometry
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4.4.2 Test simulations and requirements on the ion trajec-
tories

A few test simulations have been conducted to get an understanding of the ion
trajectories. Figure 4.4.2 shows the ion trajectories for three distinct cases. Ions
are injected at angles spanning from 0° up to 44° from the axis.

In fig. 4.4.2a and 4.4.2b, respectively 1 eV and 10 eV ions are flown through
the EQP with electrode settings that are used during the experiments. At 1 eV
the ion beam is very narrow between the sample orifice and the exit of the ionizer.
All ions are transmitted into the drift tube. The maximum transmission angle is
limited by the aperture at the exit of the drift tube. The focal distance is not very
well defined. The beam is much broader for 10 eV ions. Ions at large angles are
lost to the wall of the extractor, exit aperture of the ionizer and the wall of the
drift tube. The acceptance angle is much smaller than for 1 eV ions and the focal
distance is located further inside the drift tube.

Because the ion beams are broad at the end of the drift tube, the size of the
detection disk significantly influences the magnitude of the acceptance angle that
comes out of the simulation. The radius of 1 mm was an estimation by the sup-
plier, and leaves room for a large error margin. Acceptance angles calculated with
this technique should therefore be used as an indication of the EQP performance,
and will not yield a quantitative result.

Figure 4.4.2c shows an unwanted effect in the trajectories at large incoming
angles. For clarity an angle spacing of 10° was used. Ions at small angles (green)
are transmitted into the drift tube. At a certain angle ions are blocked by the exit
aperture of the ionizer (red, 20°). Beyond a certain angle, ions are again trans-
mitted into the drift tube (blue, ≥ 30°). Due to these anomalous trajectories the
acceptance angle is not well defined, which is a situation that should be avoided.

Extractor and lens1 potentials should be chosen for a maximum acceptance
angle to maximize the flux to the detector. Furthermore, settings with anomalous
trajectories should be avoided. Another requirement is added: transmission peaks
in the acceptance angle as function of energy should be prevented. Presence of
peaks can distort the measured IEDFs. Since the acceptance angle cannot be
determined in absolute values, it is very tentative to use it to correct measured
IEDFs. Therefore it is best to use EQP settings with a smooth acceptance angle
curve, without transmission spikes.
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(a) Large θa at 1 eV ion energy.
Extractor: −41 V, Lens1: −211 V.

(b) Small θa at 10 eV ion energy.
Extractor: −41 V, Lens1: −211 V.

(c) Anomalous trajectories at large impact angles and 3 eV ion energy.
Green: 0° & 10°, red: 20°, blue: 30° & 40°.
Extractor: −130 V, Lens1: −170 V.

Figure 4.4.2: Ion trajectories inside the EQP for various settings and ion energies. In a)
and b) the angles are spaced 2° in the range from 0 to 44°, in c) the spacing
is 10° from 0 to 40°. The lens2 potential is −100 V.
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Figure 4.4.3: Comparison between the simulated (solid) acceptance angle and the ion
signal as function of the potentials applied to extractor and lens1 for 3 eV
ions.

4.4.3 Experimental verification

Simulated acceptance angles can be compared to EQP measurements under the
assumption that the measured ion signal increases with the acceptance solid angle
as Ωa = 2π(1 − cos θa). The angular distribution of the incoming ion flux has to
be larger than the acceptance angle, which was shown to be so in section 4.3.

The acceptance angle has been determined and the ion signal has been mea-
sured as a function of the potentials applied to the extractor and lens1 for a given
ion energy. Figure 4.4.3 shows the results from simulation and experiment side by
side, for the ion energies of 3 eV. The potential resolution is 5 V in the experiment
and 2 V in the model.

The acceptance angle is largest on a curve, with a maximum angle for a large
range of lens1 potentials at an extractor potential of −150 V. In the experimental
data a similar curve is visible, although its location does not exactly match with
that of the acceptance angle. The maximum signal on the detector is found at
slightly higher lens1 potentials.

Another difference is that between 0 and −100 V the ion signal on the curve
represents a minimum instead of a maximum, as would be expected from the
acceptance angle simulation. This region of minimum flux was initially considered
the most promising region because in the simulations the trajectories are very well
behaved and a decent acceptance angle can be obtained.

Although the simulation and experiment yield comparable results on first sight,
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there are some differences that are probably caused by the fact that only the first
part of the EQP was simulated. The inclusion of the energy and mass filter could
improve the results. In the following section the simulations will be used to predict
trends in the acceptance angle.

4.4.4 Acceptance angle

The acceptance solid angle was investigated for 1 eV, 2 eV, 5 eV and 10 eV at
an extended range of the potentials applied to extractor and lens1. Anomalous
trajectories have been filtered out of the results. Logarithmic contour plots are
shown in figure 4.4.4.

Large acceptance angles are found in bands. The position of these bands shifts
towards higher potentials with increasing ion energy. At low energies two bands
are visible, which shift out of the range of the simulation when the energy is
increased. The shifts becomes smaller at higher energies.

In the large region where those bands are present, the acceptance angle curves
show large peaks at certain ion energies. Such behavior is unavoidable when large
acceptance angles are required. Therefore, smooth acceptance angle-curves can
only be found in the parameter range where those bands do not reach. Therefore
settings should be used on the left side of the red dashed line in figure 4.4.4.

From this assessment, in combination with experimental tuning, three extractor-
lens1 combinations were chosen for further analysis, see table 4.4.1. A validation
was attempted by comparing measured IEDFs with simulated acceptance angle
curves. Figure 4.4.5a presents the acceptance angle as function of the ion energy
for the three sets of extractor-lens1 potentials. H +

2 IEDFs measured with these
settings in an EUV-induced plasma are presented in figure 4.4.5b.

Table 4.4.1: EQP settings for further analysis

VExt(V) VLens1(V)

1 -41 -211
2 -18 -70
3 -8 -24

The acceptance angle curves are smooth decreasing curves as function of ion
energy. The curves corresponding with extractor potentials of −41 V and −18 V
are similar in shape, but, the acceptance angle of the latter is roughly half that of
the first. The −8 V curve has a similar acceptance angle as the −41 V at 1 eV, but
decreases faster with ion energy to drop below the −18 V curve at approximately
5.5 eV.
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Figure 4.4.5: Simulated acceptance angles and measured IEDFs for the EQP settings
given in table 4.4.1. A larger acceptance angle leads to a higher signal in
the measurements.

The corresponding measurements behave mostly as would be expected from
the simulated acceptance angles. Above 1 eV the signal is largest for the −41 V
extractor potential, corresponding to the largest acceptance angle. Below 5 eV the
−18 V IEDF shows the lowest signal. The −8 V IEDF crosses to the other two
IEDFs at energies similar to where the acceptance angles cross. The agreement
with the experimental results puts confidence in the simulation of the acceptance
angle.

From these three combinations, the extractor and lens1 potentials chosen for
experiments are −41 V and −211 V, respectively, because of the largest acceptance
angle. The corresponding acceptance angle curve was already presented in figure
4.3.5. This extractor-lens1 combination lies just below the suggested line, resulting
in a peak in θa at 0.5 eV. Because the peak is very narrow and located below 1 eV
no substantial disturbance of the IEDF is expected, which was confirmed in the
measurements presented in figure 4.4.5b.

4.5 Time-resolved measurements

In this section the performance of the EQP during time-resolved measurements
is discussed. First, in section 4.5.1, the mass dependent ion time of flight inside
the EQP will be discussed. The plasma under investigation in this thesis is highly
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transient, with a typical plasma generation time of 100 ns and a decay time of
hundreds of microseconds. The EQP is advertised with a detector gating resolution
of 50 ns, which suggests that the plasma decay phase can be investigated without
much trouble. However, in section 4.5.2 it will be shown that the time resolution
is determined by the bandwidth of the energy filter, and not by the gating of the
detector. To conclude, the calculated temporal response will be compared to ion
flux measurements in the pulsed EUV-induced plasma.

As stated in the introduction, the EQP natively allows for time-resolved mea-
surements by gating the detector relative to a trigger signal. However, it takes
multiple hours to scan a 2 ms pulsed ion flux at microsecond resolution. There-
fore, instead of relying on the pulse counting hardware of the supplier, the output
of the SEM ion detector was measured by a custom field programmable gate array
(FPGA) multichannel scaler. The scaler counts the voltage pulses on the SEM
over time, which discards the need to gate the detector and thereby reduces the
measuring time to minutes.

4.5.1 Time of flight

The ions that enter the EQP pass the extractor and Lens1 and are sequentially
accelerated to the pass energy of the energy filter. Thereafter they pass the QMS
and detector with a fixed energy. Because the kinetic energy of the ions εi is
controlled in each stage, the ion’s velocity depends on its mass:

vi =

√
2εi
mi

. (4.16)

Therefore the transit time ttr, which is inversely related to the ion velocity, is also
a function of mass. During time-resolved measurements this should be correct for.

If the dimensions and potentials are know the transit time can be calculated.
The list with the dimensions of the parts, provided by the manufacturer is shown
in table 4.5.1, along with the potentials applied to these parts. Using these, the
ion mass specific transit time is estimated as follows:

ttr,i =

√
mi

2q

[
lext√

eVext + εi
+

len√
eVen

+
lm√
eVQMS

+
ldet√
eVdet

]
, (4.17)

in which Vi are the electrode potentials from table 4.5.1, and q and e are, re-
spectively, the ion charge state and electron charge. The transit time is shown as
function of mass in figure 4.5.1.

In the above calculation the extractor and lens1 parts have been simplified. The
situation between orifice and flight tube is a bit more complex because extractor
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Table 4.5.1: EQP dimensions and potentials of our EQP1000 system.

EQP part Length Potential
(mm) (V)

Extractor 40 -41
Flight tube + energy filter 460 -40
Mass filter 200 -3
Detector 16 -3500
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Figure 4.5.1: Time of flight as function of the ion mass for ions with initial energy of
1 eV calculated using equation 4.17.

and lens1 are referenced to ground. These potentials are not scanned during an
energy scan. Therefore the kinetic energy in these parts is determined by the
initial ion energy. This leads to a dispersion in flight time with ion energy.

SIMION is used to calculate the ion energy and transit time in this first part
of the EQP. Figure 4.5.2 shows the simulated ion energy and the time of flight as
function of position in the first 200 mm of the EQP. A sketch of the model geometry
together with some equipotential lines is placed on the back of the figure.

The dispersion in transit time due to the initial ion energy is taken as error
margin. In table 4.5.2 the time of flight for several relevant species is presented.
To compare the time of flight between species also a table with the relative time
of flights is given in table 4.5.3.
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Figure 4.5.2: The ion energy and time of flight as function of position inside the first
part of the EQP simulated with SIMION for initial ion energy 1 eV, 10 eV
and 100 eV. The time of flight is calculated for H+ and Ar+. The model
geometry of the EQP is also displayed, showing some equipotential lines in
red.

Table 4.5.2: Calculated time of flight for several relevant species. The potentials and
dimensions from table 4.5.1 have been used.

Species Mass Time of flight
(amu) (µs)

H+ 1 14.0± 0.2
H +

2 2 19.9± 0.3
H +

3 3 24.3± 0.4
He+ 4 28.1± 0.4
N+ 14 52.5± 0.8
N +

2 28 74.3± 1.1
Ar+ 40 88.8± 1.3
129Xe+ 129 159.4± 2.3
132Xe+ 132 161.3± 2.3
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Table 4.5.3: Difference in time of flight between species in µs.

H+ H +
2 H +

3 He+ N+ N +
2 Ar+ 129Xe+ 132Xe+

H+ 0.0 -5.9 -10.3 -14.1 -38.5 -60.3 -74.8 -145.4 -147.3
H +

2 5.9 0.0 -4.5 -8.2 -32.7 -54.4 -68.9 -139.6 -141.4
H +

3 10.3 4.5 0.0 -3.8 -28.2 -50.0 -64.5 -135.1 -137.0
He+ 14.1 8.2 3.8 0.0 -24.4 -46.2 -60.7 -131.4 -133.2
N+ 38.5 32.7 28.2 24.4 0.0 -21.8 -36.3 -106.9 -108.7
N +

2 60.3 54.4 50.0 46.2 21.8 0.0 -14.5 -85.2 -87.0
Ar+ 74.8 68.9 64.5 60.7 36.3 14.5 0.0 -70.6 -72.5

129Xe+ 145.4 139.6 135.1 131.4 106.9 85.2 70.6 0.0 -1.8
132Xe+ 147.3 141.4 137.0 133.2 108.7 87.0 72.5 1.8 0.0

4.5.2 Temporal resolution due to energy bandwidth

The EQP contains a very fast (<50 ns) ion detector, but it is not this detector
that is limiting the temporal resolution. The bandwidth of the energy filter, as
shown in figure 4.3.7 is the determining factor.

The energy spread of ions reaching the detector is determined by the energy
filter. Dictated by electrostatics, the bandwidth is conserved throughout the ion
beam path. As the ion velocity is directly related to its energy, this induces a
spread in transit time.

The energy spread is only 2.5 % compared to the pass energy of the energy
filter of 40 eV. However, the ions pass the mass filter at only 3 eV. With the same
energy bandwidth the relative spread is 33 %. For low mass ions the spread in
transfer time becomes a few µs as we will show in the next paragraph.

Using equation 4.17 and the energy bandwidth from figure 4.3.7 we are able to
determine the temporal response to a fast increase in ion flux. The corresponding
plots are shown in figure 4.5.3. A theoretical ion pulse is incident on the sample
orifice, which is broad in ion energies but very sharply peaked in time (delta peak).
The ions that pass through the energy filter have an energy distribution equal to
the bandwidth of the filter. Therefore they also have a spread in time of flight, with
the ions at the high energy side arriving earlier than the ions on the low energy
side. This creates the ’instant flux’ curve in figure 4.5.3. In this case H +

3 ions are
assumed. The time of flight of 24.3± 0.4 µs from table 4.5.2 corresponds to the
arrival time of the peak of this curve.

In case of a very fast increase in the ion flux, i.e. a step function, the first ions
would arrive at the ion detector in a similar way as the ions from the delta peak
would arrive. It takes some time before the maximum flux to the detector has
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Figure 4.5.3: The calculated normalized temporal response of the EQP to a step wise
ion flux. Also shown is the measured H +

3 ion flux (O). The falling edge
was shifted in time to match with the maximum of the experimental flux.
The instantaneous flux is also plotted.

fully developed. This rise time can be estimated from the cumulative integral of
the ’instant flux’ curve over time. The result is the theoretical rising edge curve
which is also shown in the figure. In a similar way the theoretical falling edge can
be estimated, except that in this case the time of flight is an arbitrary value.

Plotted in the same figure is a measurement of the H +
3 ion flux in a pulsed

EUV-induced plasma. In the EUV-induced plasma the expected rise time will be
in the same order as the electron density rise time, which is in the order tens to
hundreds of nanoseconds [38]. The measured rising edge is much slower, which
agrees with the theoretical rising edge in both rise time as in transit time. The
measured rise time is therefore the characteristic time of the EQP. The theoretical
falling edge was placed such that the beginning overlaps with the peak flux in the
measurement. The experimental flux decreases slower than the theoretical edge.
Therefore, the measured flux decay is not determined by the diagnostics but by
the actual decay in ion flux.

The 1-99 % and 10-90 % rise times for hydrogen and argon ions are given in
table 4.5.4.
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Table 4.5.4: Calculated EQP rise times

Species Mass Rise Time (µs)
10-90% 1-99%

H+ 1 0.95 1.74
H +

2 2 1.33 2.47
H +

3 3 1.67 3.02
Ar+ 40 5.99 11.04

Improving the temporal resolution

In theory the temporal resolution could be improved by reducing the bandwidth of
the energy filter. The energy resolution ∆E of the 45° sector field energy analyzer
is determined by the transmission energy TE and the dimensions of the geometry
[62]. The dimensions of the filter are defined by the entrance aperture diameter
�a, sector mean radius R, angle φs and the distance to the exit aperture L.

∆E = TE
�a

R (1− cosφs) + L sinφs
. (4.18)

The energy resolution is thus linear in the transmission energy. By reducing
the transmission energy from 40 eV to 10 eV the resolution should shrink by a
factor 4 and the H +

3 rise time would drop to 0.75 µs (1-99%). Note that also the
measured ion signal would be greatly reduced.

This procedure was tested using pass energies of 40 eV, 16 eV and 10 eV, using
thee pulsed EUV-induced plasma as the ion source. As stated before, the rise time
of the ion flux is in the order of the EUV pulse width of 100 ns. To change the pass
energy, the axis potential was set to the pass energy, and the potential difference
on the plates of the energy filter was set to Vaxis/5.498 [62]. The other electrodes
were optimized using the automatic optimization routine, resulting in the settings
given in table 4.5.5. Note that the tuned potentials for 16 eV are considerably
different than the potentials for the other cases.

Table 4.5.5: EQP settings for reduced energy resolution

Pass energy Axis Plates Extractor Lens1
(eV) (V) (V) (V) (V)

40 -40 7.27 -41 -211
16 -16 2.77 -10 -40
10 -10 1.81 -73 -81
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Figure 4.5.4: Time averaged H +
3 IEDF for the pass energies of 10 eV, 16 eV and 40 eV.

The time averaged IEDF of H +
3 is displayed in figure 4.5.4 and the time-resolved

ion flux at the peak ion energy is shown in figure 4.5.5, in which the 40 eV is the
reference measurement. Changing the pass energy triggers two major changes:
first, the amplitude of the signal changes. For 10 eV it decreases, as expected,
but for 16 eV the signal increases, against expectations. Secondly, an unexpected
shift in the measured ion energy shift is introduced, which increases when the pass
energy is lower. The shape of the IEDF is not significantly altered. If one would
compensate for the energy shift and normalize the curves to the same level they
would overlap.

The first ions are detected after the predicted time of flight of 24.3± 0.4 µs.
Because the pass energy was decreased the time of flight should increase, which
happens indeed for the −16 V case. However, unexpectedly, the ions arrive earlier
when axis is set to −10 V. Another discrepancy is that the rise times do not benefit
from the potential change. For −10 V it is the same as for −40 V. At −16 V the
rise time is has even become much worse. The expected and measured resolution
and time of flight are summarized in table 4.5.6.

The witnessed changes are fully reversible when the−40 V settings are restored.
The applied potentials have been checked on the circuit board but no deviations
were found. Unfortunately, it was not possible to improve the temporal resolution
by lowering the pass energy. This exercise underlines the complexity of the EQP.
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Figure 4.5.5: Time-resolved H +
3 ion flux at peak energy for the pass energies of 10 eV,

16 eV and 40 eV.

Table 4.5.6: Summary of expected and measured EQP response for H +
3

Pass energy Expected Measured
Time resolution Time of flight Time resolution Time of flight

40 eV 3 µs 24 µs 3 µs 24 µs
16 eV 1.2 µs > 24 µs > 7 µs 28 µs
10 eV 0.75 µs � 24 µs ∼ 3 µs 22 µs

4.6 Practical consideration

This section discusses four issues that have not been discussed in literature, but
which are in any case important in EUV-induced plasmas. In section 4.6.1 the
influence of contamination on the sample surface is discussed. The following sec-
tions discuss the orifice quality (section 4.6.2) and the risk of find a local maximum
using the automatic optimization routine (section 4.6.3). To conclude, in section
4.6.4, it is shown how overexposure of the SEM detector can be prevented, which is
especially important in pulsed plasma applications. These issues are not specific
to EUV-induced plasmas and should therefore be addressed in any application
where the EQP is to be applied.
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Figure 4.6.1: Demonstration of the effect of contamination on the end cap.

4.6.1 Contamination control

The sample surface of the EQP consists of a replaceable end cap that contains the
sample orifice. Reproducibility problems emerged after prolonged use of one of the
end caps due to the formation of contamination in the EUV irradiated spot. The
low energy part of the IEDFs (<5 eV) was significantly reduced. Figure 4.6.1a
shows an example measurement of a H +

3 IEDF with a clean and a contaminated
cap. The ion flux below 5 eV is clearly diminished. Using the clean cap, the ion flux
signal seems to saturate at ion energies below 1 eV. Replacing the contaminated
end cap with a clean one fully restored the reproducibility.

The cap itself is shown in figure 4.6.1b. A clear dark discoloration on the center
of the cap is visible. The 20 µm sample orifice is positioned in the very center.
EDX measurements showed that the discolored area contains significantly more
oxygen on the surface than the surrounding area. This suggests that an insulating
oxide layer is formed under EUV exposure.

The depletion of the low energy part of the IEDF could be related to charge
accumulation on the insulating contamination. Locally, a positive surface charge
could deflect low energy ions. The mirror charge on the inside of the orifice re-
accelerates the high energy part of the IEDF. As a result, this part seems undis-
turbed in the measurement. However, at this moment these mechanisms are still
unclear.

A reduced stability of the extractor potential is an indication for end cap con-
tamination. A reduction of the potential then requires extensive time which far
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Figure 4.6.2: The ion signal response to a change in extractor potential with a contami-
nated end cap. The base extractor potential is −70 eV. The monitored ion
is H +

3 at 2.5 eV.

exceeds normal RC times of the electric circuits. In practice the response of the
measured ion flux with a change in extractor potential is slow. Figure 4.6.2 shows
the response of the ion signal to a change in the extractor potential using a con-
taminated orifice. The H +

3 signal was measured at an energy of 2.5 eV. The base
extractor potential is −70 V. When decreasing the potential to −170 V the signal
gradually increases over the course of approximately 30 s. Part of the increase is
due to a change in acceptance angle, but that does not explain the gradual increase.
It appears that during this time negative charge originating from the plasma is
building on the insulating contamination layer which impacts the plasma sheath.
When the extractor potential is set back to its base value the surface charge is
quickly lost and the ion signal is restored. When applying a positive potential to
the extractor the ion signal drops to zero.

To prevent oxidation from taking place the end cap is coated. First, the surface
was cleaned by sputtering in an oxygen plasma, then a titanium adhesion layer and
a ruthenium top coating of a few 100 nm were applied. No visible contamination
or large depletion of the low energy IEDF was witnessed afterwards. However,
the magnitude of <2 eV ion fluxes remain a bit unpredictable, with day-to-day
fluctuations of up to a factor 3 while the >2 eV IEDFs perfectly reproduce.
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4.6.2 Orifice quality

The 20 µm orifices were custom made by two different companies. Unfortunately,
the quality of the holes differed, which only became apparent by inspection under
a scanning electron microscope. Figure 4.6.3 shows images of two sample orifices
that were provided by Hiden Analytical Ltd.. The first show a partial blockage
of the orifice and a lot of debris surrounding the hole. The second shows the
backside of another orifice. The hole is obstructed by some debris. These orifices
were therefore discarded.

Figure 4.6.4 shows a sample orifice produced by Mevi. The hole is unobstructed
and the surface is relatively clean. This orifice was therefore used in the measure-
ments discussed in chapter 7.

4.6.3 Risk of using automatic optimization routine

The software of the manufacturer provides an automated optimization routine,
used to optimize the signal intensity at a given energy. Usually the most prob-
able energy is used. This routine scans the potential on each individual lens
subsequently. The value at which the maximum signal is measured is stored. By
repeating this procedure the optimal potentials should be found.

However, there are some pitfalls in this method. First, there is the risk of
finding only a local maximum. Furthermore, it is also possible that a setting is
encountered that is not optimized, but when scanning the individual potentials
no better settings are found. One such situation is shown in figure 4.6.5 where
there is a saddle-point in the 3D transmission plot . In this case the H+ flux in
a remote RF plasma is investigated. The ion energy is set to 6 eV and the signal
is measured while scanning the extractor voltage, Vext, and lens1 voltage, Vlens1.
This way the EQP signal is mapped for the full range of lens potentials.

The automatic optimization routine finds the point at the crossing of the two
arrows. This is clearly not the optimal combination of Vext and Vlens1. However,
when scanning in the Vext and Vlens1 directions no better settings are found.

A full mapping of the signal as function of extractor and lens1 potential takes
quite some time. It is however recommended to perform such a parameter scan,
possibly at lower resolution to increase speed, before performing the automatic
optimization routine to ensure that the here shown structures are avoided.
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(a) Hiden 2354 frontside (b) Hiden 2357 backside

Figure 4.6.3: SEM images of discarded orifices

(a) Frontside (b) Backside

Figure 4.6.4: SEM images of the 20 µm orifice produced by Mevi that was used in ex-
periments.
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Figure 4.6.5: Measured EQP signal as function of Vext and Vlens1 illustrating the risk
of the automatic optimization routine. During the routine Vext and Vlens1

are one after the other, corresponding to the direction of the arrows. In
both the Vext as the Vlens1 direction an optimum is found at the crossing
of the arrows, but this is not the true optimized position.

4.6.4 Preventing overexposure

When the measured signal no the EQP is too high (>1× 107 c/s for the SEM) one
can detune one of the electrodes to reduce the load on the SEM. It is recommended
to use Focus2 for this procedure, as this electrode does not influence the shape of
the IEDF. It focuses the ions that leave the energy filter onto the entrance of the
mass filter. At this location in the EQP only ions with energy equal to the pass
energy of the energy filter (40 eV) are present. Therefore chromatic aberration is
not an issue when detuning Focus2.

Figure 4.6.6 illustrates the signal reduction by detuning Focus2. In figure
4.6.6a the Focus2 potential is scanned from −360 to 0 V while measuring the flux
of H +

3 at 18 eV in a radio-frequency inductively coupled plasma. The signal has a
maximums at approximately −250 V and close to 0 V. According to the supplier
the electrode should be used in ’accelerating mode’, which excludes the use of the
∼0 V peak [62]. The signal can be reduced by almost a factor 2 by using a Focus2
potential of −60 V.

The IEDFs of H +
2 and H +

3 have been measured with tuned (−258 V) and
detuned (−100 V) Focus2 (figure 4.6.6b). Signal reduction of about a factor 1.75
is achieved with the shape of the IEDFs virtually unaffected. Defocussing of Focus2
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is therefore a valid method of signal reduction. When further reduction is needed
a smaller sample orifice should be installed.

4.7 Summary

This chapter discussed a number of EQP characteristics that are relevant for mea-
surements in highly transient plasmas that contain multiple ionic species. Simu-
lations of the trajectories of ions were used to select potentials for the extractor
and lens1 to prevent anomalous trajectories. Differences between simulations and
experiments show that there is still room for improvement, but the agreement
between multiple calculated acceptance angle curves and the response of the mea-
sured IEDF puts confidence in the simulated acceptance angles. Nevertheless, it
was shown that absolute calibration is not feasible, and therefore, the results in
the rest of the thesis will be presented in raw units of counts-per-seconds. Ab-
solute flux measurements, however, will be possible with the RFEA that will be
discussed in the next section.

Another important aspect is the mass dependent transmission, which was
shown to be only a minor function of the ion mass. It is therefore possible to
directly compare measurements on different species.

To enable time-resolved measurements in the highly transient EUV-induced
plasma, the temporal response of the EQP was investigated. It was shown that
the time resolution is determined by the bandwidth of the energy filter and not
by the gating of the detector. The resolution depends on the mass of the ion
of interest, but is in the order of a few microseconds. Furthermore, the time
of flights have been calculated, which have to be corrected for in time-resolved
measurements. The EQP will be used extensively in chapters 7 and 8.
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Figure 4.6.6: Reduction of the signal can be achieved by defocussing Focus2. The re-
duction does not alter the shape of the measured IEDFs.
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Chapter 5

RFEA characterization

5.1 Introduction

Many research and industrial plasma applications depend on accurate knowledge of
the ion energy distribution function (IEDF) and ion flux densities. For example,
surface modification processes in the semiconductor industries, such as reactive
ion etching[87, 97], atomic layer deposition [67] and etching [98], depend on both
the flux density and the IEDF. In fusion experiments the ion temperature in the
plasma scrape-off layer and edge regions is an important parameter for the under-
standing of edge plasma physics [64, 66]. An emerging research field is the field
studying plasmas driven by radiation in the next generation lithography tools. The
used extreme ultraviolet radiation ionizes background gases in the tool, resulting
in plasma generation near delicate surfaces such as multilayer mirrors. Ion fluxes
induced by this plasma are believed to influence the lifetime of optical components
[29, 99], raising the need for accurate IEDF and ion flux density measurements.

Retarding field energy analyzers (RFEA), also called retarding potential ana-
lyzers, are relatively simple, compact and affordable devices that can be used to
measure both the IEDF and absolute ion flux densities. They are commonly used
to measure the IEDF in commercial and scientific applications [20, 64–67].

The RFEA operating principles have been described extensively in literature
[64, 65, 68, 100] and are therefore only summarized here. Figure 5.1.1 shows a
schematic of a three-gridded RFEA consisting of a stack of electrically insulated
grids, G0 through G2, and an ion collecting electrode C. The potential distribution
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Figure 5.1.1: Sketch of the potential distributions (top) and working principle (bottom)
of the RFEA. G0 is at wall potential, G1 is biased negatively to repel
electrons, the positive bias on G2 can be scanned to select which ions can
pass though to the collector C.

inside the device is also shown. The first grid G0 is facing the plasma and is at the
same electric potential as the surface on which the RFEA is mounted. G1 is at
a negative potential compared to G0 to repel plasma electrons. An ion retarding
potential (VR) is applied to G2. Only ions that have an initial kinetic energy at
the entrance of the RFEA that is larger than qVR, with q the ion’s charge, will
overcome this field and reach the collector. It therefore acts as a high pass filter
for the ion energy. Extra grids are optional, for example for the suppression of
secondary electrons emitted by the collector. To measure the IEDF VR is swept
while measuring the collector current. The IEDF is calculated by differentiating
the collector current with respect to the retarding potential.

To determine the total ion current Ii it is sufficient to measure the collector
current at VR <0 V and at VR higher than the highest ion energy divided by the
ion charge (VR > Emaxion /q). At VR <0 V the potential does not provide a barrier
and all ions are collected. At VR > Emaxion /q all ions are stopped and there is no
ion current to the collector which allows for the determination of any offsets and
leak currents. This process is illustrated in figure 5.1.2. The current is averaged
over 5 eV (17 data points) to reduce noise.

The ion flux density incident on the RFEA top surface can be calculated from
the ion current if the sample area A and effective ion transmission TT are known
using

Γi =
Ii

qATT

. (5.1)

86



5.2. SAMPLING AREA

-15 -10 -5 0 5 10 15 20 25

Retardating potential (V)

-0.2

-0.15

-0.1

-0.05

0

C
o

ll
e

ct
o

r 
cu

rr
e

n
t 

(
A

)

Io
n

 c
u

rr
e

n
t

Figure 5.1.2: The ion current is determined by subtracting the collector current at high
retardation potential (offset) from the current at slightly negative potential.
The current is averaged over 5 V to reduce noise.

In the coming two sections A and TT are determined. Thereafter some practical
issues related to time-resolved measurements in EUV-induced plasmas are consid-
ered.

5.2 Sampling area

A is fully determined by the construction of the probe. In this work a commercially
available RFEA system is used (Semion Single Sensor, Impedans Ltd.[101]) with
three grids. The grids and collector are incorporated in a small, flat probe, which
is referred to as a button probe. The space between the grids is filled with a mica
spacer 1. The spacers have 37 holes with a diameter of d =1 mm. Theoretically
this results in A = 37× πd2/4 =29 mm2.

Figure 5.2.1a shows a close-up picture of the button probe. The contrast has
been enhanced and the picture is converted to black-and-white to simplify the
processing. The picture shows the grids and the holes in the two spacers.

The spacers shows damage in the form of cracks. These are not believed to
have any influence on the ion transmission. Exposure to plasma has not increased

1
This turned out to be a fault from the supplier. The spacers did not have a function and

were not supposed to be there. In the end all they do is reduce the effective sample area.
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10 mm

(a) Picture (b) Processed image

Figure 5.2.1: Close-up picture of the RFEA button probe (Canon EOS 700D with an
APS-C sensor, f=60 mm, f/10, 2019×2019 pixels). a) contrast enhanced
and converted to black-and-white, b) processed to determine the open area
set by the overlapping spacer holes. The grids and spacer holes are visible.
The diameter of the total probe is 10 mm. The holes have a diameter of
1 mm.

the damage.

The holes are not perfectly distributed. Some holes extend partly outside the
probe’s surface. Furthermore, the overlap of the holes in the top and bottom
spacer is, in some cases, poor. This reduces the sampling area quite substantially.

To determine the area set by the overlapping spacer holes the picture from
5.2.1a has been processed as shown in figure 5.2.1b. The holes in top and bottom
spacer have been marked. The open area has been determined in MATLAB by
first computing the amount of overlapping hole area to the total probe area. The
corresponding ratio has been multiplied with the total probe area, which has a
diameter of 1.00± 0.05 mm. The resulting A is 19.0 mm2, which is 34.5 % less
than the theoretical value.
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5.3 Grid transmission simulations

This section is based on the publication:

T.H.M. van de Ven, C.A. de Meijere, R.M. van der Horst, M. van Kampen,
V.Y. Banine and J. Beckers, Analysis of retarding field energy analyzer transmis-
sion by simulation of ion trajectories, Review of Scientific Instruments, 89(4), 2018

Although RFEAs are commonly used to measure the IEDF in commercial and
scientific applications, in most cases the measured ion flux density is considered un-
reliable and therefore not usable due to the unknown transmission of ions through
the device [65, 68]. Understanding this transmission could greatly enhance the
usability of the RFEA as it could be used simultaneously for IEDF and ion flux
density measurements.

This section describes the analysis of the effective transmission by simulating
ion trajectories through an RFEA using the commercially available charged par-
ticles optics simulation software SIMION [94, 95]. Focus is on the effects of grid
alignment, because poor alignment impacts the transmission [68, 100, 102] and
energy resolution [103] significantly.

To determine the total ion flux density it is sufficient to measure the collector
current at VR <0 V and at VR higher than the highest ion energy divided by the
ion charge (VR > Emaxion /q). At VR <0 V the potential does not provide a barrier
and all ions are collected. At VR > Emaxion /q all ions are stopped and there is no ion
current to the collector which allows for the determination of any offsets and leak
currents. The ion flux density incident on the surface is calculated by dividing the
measured ion current by the effective sample area and the ion charge (we assume
only singly charged ions). The effective sampling area is determined by the probe
area and the effective transmission of the grid stack TT, of which the latter is
defined as the ion flux density at the collector relative to the flux incident on G0.
In literature it has often been proposed that, when the pressure is sufficiently low
to avoid ion collisions with background gas particles inside the device (typically
below 10 Pa for 1 mm thick devices) and the spacing between the grids is sufficient
((much) larger than the grid hole separation), TT is equal to the product of the
individual grid transmissions Ti [100, 104]:

TT = T1 × T2 · · · Tn, (5.2)

with n the number of applied grids. In the case of equal grids TT = Tni . The
important assumption made here is that the individual beamlets passing through
the grid apertures diverge sufficiently (due to ion lensing effects) so that a uniform
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Figure 5.3.1: Illustration of the T
n

transmission rule. Ions passing through the grids
become divergent due to electrostatic lens effects.

flux is incident on each grid[68, 100]. This is illustrated in figure 5.3.1. One of the
implication is that the alignment of the grids is not of importance for the effective
transmission.

There have been attempts to experimentally verify the Tni transmission with
varying results. By comparing Langmuir probe and RFEA measurements, Gahan
et al. showed an agreement within 22 % [104].

Baloniak et al. also used a Langmuir probe, but did an additional experiment
in which the collector was biased to a negative DC voltage while all other grids
were biased to 0 V. TT was determined by comparing the current to the top
surface of the RFEA to the collector current. The TT found was 3 to 4 times
less than Tni . Their suggestion was that this was caused by the alignment of the
grids, implicitly disregarding the assumptions leading to equation 5.2. Instead,
the effective transmission was suspected to be equal to the optical transmission,
To, which is defined as the open area set by the grids.

Denieffe et al. recorded the current to each of the grids to determine the
effective transmission of all the individual grids [68]. The used RFEA had a
metalic plate with holes in front of G0. Their conclusion was that the effective
transmission of G0 was reduced by pressure-dependent ion angular distribution in
combination with the angular acceptance of the RFEA. The beamlet spreading
was sufficient to provide a uniform flux to subsequent grids.

When stacking grids with random displacements in the horizontal plane the
expectation value of the optical transmission corresponds to Tni [102]. Baloniak et
al. used Monte Carlo simulation of the optical transmission with n = 4 grids with
Ti =55 %. He found an expectation value of < TT >=9.4 %, which corresponds to
T 4
i . However, the standard deviation was 5.3 % and the most probable transmission

was 6.6 %. The experimentally found TT was 3 to 4 times lower than < TT >,
but still within the standard deviation. Unfortunately they did not determine the
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optical transmission of their RFEA.

In summary, the discussion about TT has been going on for decades and is
ongoing. Experimental work had not yet brought a consensus on how the trans-
mission of the individual grids combine to the effective transmission of the grid
stack.

Section 5.3.1 presents the SIMION model that we used to investigate how ions
are transported through an RFEA. We will analyze the influence of ion energy,
grid alignment and the ion incident angle using three test cases that increase in
complexity. We will make a clear distinction between Tni and To. Subsequently
the model will be applied to an experimental probe. We will focus on relatively low
energy ions (i.e. below 20 eV) which occur in low temperature plasma applications
without surface biasing.

5.3.1 SIMION Model

The models consist of a stack of three grids (G0-G2) and a solid electrode (C)
(see figure 5.3.2). The front of the grids are spaced 200 µm apart and the distance
between G2 and C is also 200 µm.

The square grid apertures require for a Cartesian coordinate system. The
thickness of the grids is 25 µm. The width of the wires w is 10 µm and the aperture

width l is 50 µm. The resulting grid transparency Ti = l
2

(l+w)
2 =69.4 %. Because

n =3 and equivalent grids are used with transmission Ti = T , the transmission
according to equation 5.2 is Tni = T 3 =33.4 %.

Grids measuring 2 by 2 mm where simulated to reduce computational costs.
The space in front of the RFEA is limited by a grounded electrode placed 2.5 mm
in front of G0. This results in a simulation domain of 2.0 mm by 2.0 mm by 3.1 mm.

The simulation mesh is set to 5 µm/gu (grid unit), resulting in a domain of
401 gu by 401 gu by 643 gu. This is sufficient to resolve the 10 µm thick RFEA
grid lines. The resulting geometry is shown in figure 5.3.2. Trajectory calculations
include velocity reversal checks and a binary boundary approach method to pre-
vent problems near sharp gradients and high field curvature areas.

The potentials on the grids is given in table 5.3.1. The potential on G2 can
be scanned to measure the energy distribution. In the following simulations it is
fixed at −5 V, which is a typical potential when measuring the total ion flux.
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Figure 5.3.2: The 3D model as put into SIMION.

Table 5.3.1: Grid functions and applied potentials

Grid Function Applied potential

G0 Ground 0 V
G1 Electron repeller −60 V
G2 Retarding grid Variable / −5 V
C Collector −10 V

An ion beam can be specified by the number of ions, ion energy, direction,
origin and beam diameter. Because the origin is placed in the field-free region in
front of G0 the ions are not accelerated before they reach the RFEA. Hence, the
energy at the entrance of the RFEA is equal to the beam energy. Transmission is
defined as the number of ions that reach the collector divided by the number of
injected ions.

The simulations are limited to a collisionless regime in the absence of magnetic
fields. Magnetic fields affect the ion trajectories and hence the transmission [100].
The absence of collisions of ions with background gas particles is often a valid
assumption due to the limited size and the low pressure environments in which
RFEAs are usually operated, but one should carefully assess that these effects are
indeed negligible under their specific experimental conditions. Charge exchange
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can create ions at rest inside the RFEA [102] which can introduce a pressure de-
pendent factor in the effective transmission.

Space charge effects have not been taken into account. In section 5.4.4 it will
be shown that the there is little impact to be expected on the ion trajectories when
the RFEA is operated well below the space charge limited current density.

5.3.2 Test cases

We consider three test cases which are illustrated in figure 5.3.3. Case 1 represent
the idealized case while cases 2 and 3 are inspired by features of the experimental
probe that is investigated later on. The cases are:

Case 1 Idealized case in which the grid apertures are perfectly aligned. The
optical transmission is therefore equal to that of a single grid. The potential
distributions and basic ion trajectories at normal incidence are investigated.

Case 2 One grid is rotated over 45°. The optical transmission is reduced but is
still larger than T 3. Also the symmetry of the repeating grids is broken as
the rotated grid has a repetition length in horizontal and vertical direction
of
√

2 times the mesh repetition length. This case will be used to investigate
the trajectories at incident angles larger than normal.

Case 3 G1 is displaced 20 µm in positive horizontal and vertical directions while
G2 is displaced 20 µm in the opposite directions. The resulting optical trans-
mission is 24.96 %, which is significantly less than the T 3 transmission of
33.4 %. The transmission at normal incidence as function of ion energy will
be investigated and compared to that of the first two cases.

All cases have an equal T 3 transmission of 33.4 % but the optical transmission
decreases by the displacement of the grids. The optical transmissions are given in
table 5.3.2.

Table 5.3.2: Summary of the test cases

Test case Summary TO

Case 1 Aligned grids 69.44 %
Case 2 G0 rotated 45° 48.15 %
Case 3 G1 and G2 displaced 20 µm 24.96 %
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(a) Case 1 (b) Case 2 (c) Case 3

Figure 5.3.3: The head-on view of the grids used in the three cases under investigation.
Each color (black, yellow, red) represents a subsequent grid.
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Figure 5.3.4: The equipotential lines inside the RFEA along the yz-plane. The applied
potentials are given in table 5.3.1. Blue lines are spaced at 1 V, yellow lines
at 10 V. The electric field lines are illustrated with red arrows.

5.3.3 Results

Potential distribution

Using case 1 the potential distributions inside the RFEA are investigated. Figure
5.3.4 shows the equipotential lines along the yz-plane for the potentials given in
table 5.3.1. The cut out shows the grid lines and the curvature of the potential
lines. The blue lines are spaced 1 V apart and run from 0 to −9 V. Yellow lines are
spaced 10 V apart and start from −10 V. Some electric field lines are illustrated
with red arrows.

In front of the grounded grid there are no gradients in the potential and thus
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Figure 5.3.5: Trajectories of 1000 ions with 1 eV energy in the case 1 geometry.

this region is field free. This ensures that ions that are injected in this region
are not accelerated before they enter the RFEA, and thus maintain their initial
energy. In between the grids the potential curves are spaced evenly and symmetric,
representing a homogeneous and constant electric field.

The equipotential lines curve around the grid wires. Ion lensing is expected
in these areas. Just after G0 the electric field lines will point towards the nor-
mal, resulting in ion focusing. At G2 they will point away from the normal and
therefore the ion beam is dispersed. At G1 focusing effects are expected to be
less pronounced as the ions have a much higher velocity due to the large negative
potential.

Ion trajectories at normal incidence

Ions trajectories are investigated in the model by injecting a mono-energetic beam
of ions with a width equal to the grid repetition length l + w. The beam will
therefore pass through one single grid opening. A 3D example is shown in figure
5.3.5. The beam energy was 1 eV.

Figure 5.3.6 shows the cutout in the yz-plane through the center of the ion
beam for 1 eV, 4 eV, 10 eV and 10 000 eV ions. Due to the Cartesian grids the
cutout is symmetric under rotation over 90° along the z-axis. Figure 5.3.6a shows
the cutout of the 3D example in figure 5.3.5. Ions with initial energy of 1 eV are
strongly focused just behind the first grid. The negative potential at the electron
repeller accelerates the ions into the RFEA. They pass the second and third grid in
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Figure 5.3.6: Case 1 ion trajectories at 1, 4 and 10 eV and 10 keV. Ions are injected from
the left in a beam with a radius equal to the grid’s aperture spacing.

a broad beam. Both grids obstruct a part of the ion beam. This situation closely
resembles the picture sketched to support the T 3 transmission calculation.

The focus position depends on the initial energy. When the ion energy is in-
creased the focus point shifts further into the RFEA. Starting from approximately
3 eV the beam is focused such that it passes the second grid without colliding with
the grid. Ions still hit the third grid and thus the transmission is determined by
the first and third grid, which is substantially higher than T 3.

When the energy is increased substantially the ions keep most of their initial
velocity and focus effects become negligible. The beam also passes the third grid
without collisions and thus the effective transmission is equal to that of the single
grid.

This test case shows that the grid alignment can have a mayor influence on
the total transmission at high ion energies. Below a few eV the ion lensing effect
produce very broad beams so that T 3 will be a good approximation for the total
transmission. At very high ion energies the optical transmission becomes impor-
tant which is determined by the grid alignment. Further on we will compare the
transmission as function of energy for all three test cases.
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Figure 5.3.7: Illustration of the incident angle α and the azimuth θ.

Influence of ion incident angle

Test case 2 is used to investigate the influence of the ion incident angle α. This
exercise demonstrates the maximum angle under which ions can be detected. Fur-
thermore, it shows whether or not the azimuth θ, the angle between the incident
ions and grid wires, influences the transmission. α and θ are illustrated in figure
5.3.7.

The rotation over 45° of G0 is inspired by the experimental RFEA that will be
investigated later on. To is greatly reduced and now measures 48.15 %. The dis-
cretization by SIMION does not perfectly render the slanting lines of the rotated
grid. This results in a grid transmission that is a bit higher. A higher resolu-
tion SIMION render was made (2 µm/gu), which has a lower optical transmission,
which will be used when investigating the transmission at normal incidence later
on. This model is too extensive to use for the analysis of the angular response.

Ion beams formed as shown in figure 5.3.6c and 5.3.6d will not pass through
the second and third grid undisturbed as was the case in the previous exercise.
Aperture repetitions of the combined grid stack will no longer take place. The
optical transmission now shows a slight variation with location. Therefore a much
broader ion beam is used to average out these variations. The diameter is set to
500 µm, which spans over 8 aperture distances of a single grid.

This geometry is used to investigate how ions pass through the grids when
arriving under an angle. This introduces a second velocity component, next to the
velocity normal to the grid surface. We still set the ion energy and thus the speed,
which will result in a smaller velocity normal to the RFEA at increasing incident
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angles.

The ions are injected close to G0 in a circular distribution in the field free region
in front of the RFEA. The ion energy and α are set, while θ is varied from −90 to
90°. The acceleration due to the negative potential on G1 bends the ion trajectories
towards the surface normal, especially when the ion energy is low. Therefore all
ions with initial energies of <2 eV will remain within the simulation domain even
at large α. At higher energies ions can leave the volume via sidewalls of the sim-
ulated geometry, in which case the resulting transmission is not valid. This limits
the validity of this method to α of 75° and 45° for, respectively, 10 and 100 eV ions.

Figure 5.3.8a and 5.3.8b show the transmission for a number of αs as function
of θ. In general the transmission decreases with increasing α. This is mainly due
to the aspect ratio of the grid apertures. Ions hit the sides of the grids inside the
apertures when they have a large incident angle. This effect becomes smaller with
decreased ion energy. Trajectories of 1 eV are bent towards the normal due to the
potential on G1, resulting in higher transmission at larger α.

A preference for certain θ occurs at α larger than 60°. At shearing incidence
ions have a higher chance of transmission when they arrive parallel to the grid
lines of the top grid. Peculiar geometric effects cause small transmission peaks
at the largest impact angles. In practice these effects will most often not play a
role because in plasmas the ions are high directional due to the acceleration in the
sheath.

5.3.4 Transmission at normal incidence

Case 3 distinguishes itself from the previous two in that To is significantly less
than T 3. This will allow for a clear distinction between To and T 3 in the effective
transmission simulations that will follow in the this section.

The transmission at normal incidence is determined by injecting an ion beam
and registering how many of those arrive at the collector electrode. The ions are
again released in a broad beam with a diameter of 500 µm. 10 000 ions are injected
for each simulated energy.

The result for all three test cases is plotted in figure 5.3.9. Figure 5.3.9a shows
the transmission for low ion energies while the range is much larger in 5.3.9b. The
optical transmission for each model is indicated with a horizontal dashed line. Also
displayed is T 3, which is identical for all cases.
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Figure 5.3.8: Case 2 transmission as function of the azimuth for 1 and 10 eV for multiple
incident angles. At ±90° and 0° the beam is parallel to the grid lines of
G0, while at ±45° they are parallel to G1 and G2.
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Case 1 was used to study the RFEA made of aligned grids. This case shows
distinctive features below 20 eV. Above 10 eV the transmission is equal to the
optical transmission. After passing through the first grid ion beams are formed
which pass through the second and third grid without colliding, as shown in figure
5.3.6c and 5.3.6d. Beams with energies lower than 1.5 eV collide with all three
grids. The resulting transmission is a bit higher than T 3. A closer look reveals

that TT is close to T 5/2. The transmission increases with energy as G1 captures
less and less ions. Between 3 eV and 6 eV a plateau is reached with a transmission

of T 3/2. There the ions encounter only the first and last grid.

The T 5/2 and T 3/2 transmissions suggest that the transmission through one of
the grids is set by

√
T , which can be defined as

√
T = l

l+w . Figure 5.3.10 shows
the beam profile of 4 eV ions passing through the third grid. The profile is not
circular, or square, but is shaped as a star. The grid blocks only a part of each
of the arms of the star. Hence the transmission of a grating, with parallel bars
should be considered, which is defined as l

l+w .

In the other cases the effective transmission converges to To at high ion energy,
but at low energy the behavior is more complex.

Between the first and second grid the beam will look similar in all cases, as the
rotation of the first grid does not influence the potential distribution. In figure
5.3.6 it was shown that between 5 and 10 eV the ion beam is very narrow at the
second grid. In case 3 the G1 and G2 are open at the center of the first grid.
The focusing of the ion beam results in the increased transmission seen in case 3.
The transmission peaks again around 20 eV where the ions that are transmitted
through G1 are focused on an aperture in G2. The dip around 50 eV is caused by
the beam being focused on a grid node of G2.

The rotation of the first grid breaks the periodicity of the grid stack. This
decreases the transmission at low ion energies and also eliminates the high trans-
mission between 5 and 10 eV. This results in TT being equal to T 3.

These exercises show that the transmission can be a function of ion energy.
Due to the specific alignment of the grids peaks and dips in the transmission
occur, which can be hard to predict beforehand. It is expected that these features
are smoothed out in an actual experiment due to imperfections in the RFEA
construction and ion fluxes that have a spread in incident angle.

With a perfectly aligned grid high effective transmissions are possible due to
beamlet formation. Misalignment of the grids reduces the optical transmission
and can therefore bring To close to T 3.
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Figure 5.3.9: Transmission at normal incidence for the three test cases using 10 000 ions
per simulation. To and T

3
are indicated. For case 2 the high resolution

model was used.
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Figure 5.3.10: Ion beam profile of 4 eV ions at G2.

5.4 Application to experimental probe

In our experiments a commercially available RFEA system is used (Semion Single
Sensor, Impedans Ltd.[101]) with three grids. The button probe has been studied
under a microscope (figure 5.4.1a) to determine the single grid transmission and
the grid alignment. The image is created from a stack of three pictures, each fo-
cused at a different grid. The background in the pictures of the upper and middle
grid have been removed so that only the grids themselves remain.

The single grid transmission is 75 %, which is slightly larger than specified by
the supplier (70 %). T 3 is therefore 42 %. G0 is rotated over 45° relative to G1

and G2. During the production of the button probe there is no effort put into the
alignment of the grids [105]. The resulting grid structure can therefore differ per
probe. The bottom two grids are parallel, but there is a displacement of about
20 µm in the horizontal direction and 5 µm in the vertical directions. The grid
structure has been extracted as shown in figure 5.4.1c. To is 43.5 %, which is close
to T 3.

A model is constructed that closely resembles the experimental button probe.
The alignment of the grids is matched to the alignment from the microscope im-
ages. The limited mesh size of the SIMION simulation (5 µm/gu) does not allow
for an exact replica of the grids. The aperture and grid wire width remain 50 and
10 µm, respectively. The resulting To is 34.5 %. The spacing between the grids
and between G2 and C is again set to 200 µm and the thickness of the grids is set
to 25 µm [105].

We will now first determine the transmission as function of ion energy and
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(a) Microscope image

(b) The extracted grid structure (c) SIMION grid structure

Figure 5.4.1: The grids of the Impedans RFEA button probe (a,b) and the head on view
of the simulated grid stack (c).
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Figure 5.4.2: Transmission at normal incidence for the simulation of the experimental
probe. The inset shows the transmission up to 500 eV. To is indicated.

as function of incident angle. Thereafter the energy resolution is investigated,
followed by a comparison to experimental data.

5.4.1 Transmission at normal incidence

The transmission at normal incidence is shown in figure 5.4.2. The transmission is
much less dependent on the ion energy than the three test cases. The rotation and
displacement of the grids introduces a randomization that smooths out focusing
effects. Above 100 eV the transmission is higher than the optical transmission
which is again caused by the discretization of the diagonal grid lines. Although
again a high resolution model was used (2 mm/gu) the optical transmission of the
discretized SIMION grids is still slightly higher than originally designed.

5.4.2 Angular transmission

The angular transmission has been investigated in the same way as test case 2.
Because the grid stack is now thinner than in the test cases (0.6 mm versus 1.1 mm)
the transmission can be simulated under much larger angles. 100 eV ions can be
simulated up to 45°. The transmission has been averaged over θ. The standard
deviation is used as error bar. The resulting transmission has been plotted versus
incident angle in figure 5.4.3.
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Figure 5.4.3: The RFEA transmission as function of ion incident angle for ion energies
1 eV, 5 eV, 10 eV and 100 eV. The error bars show the effect of the preferred
transmission directions at certain energies.

The incident angle reduces the transmission substantially, especially at high
ion energy.

The larger error bars for 1 eV above 60° are caused by the peaks in transmission
at certain θ as was shown in figure 5.3.8a.

Generally speaking the influence on plasma measurement will be limited, as
high energy ions usually have small impact angles.

5.4.3 Energy resolution

The resolution is determined by simulating the IEDF measurement of a mono-
energetic ion beam. The beam is injected at normal incidence. VR is scanned with
0.25 eV steps, which is similar to the step size in an actual measurement. An I-V
curve now corresponds to a transmission-V curve. The IEDF is determined by
differentiating the transmission to VR. The results for a 5 eV and 100 eV beam are
shown in figure 5.4.4. The 100 eV beam is going to be used in section 5.4.5where
it is compared to experimental data.

The roughness of the IEDF is the result of the numerical differentiation which
causes small differences in the transmission to be amplified. In practice these fluc-
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Figure 5.4.4: Simulations of an IEDF measurement with a mono-energetic ion beam.
The IEDF is calculated by differentiating the transmission to VR.
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Figure 5.4.5: The potential distribution along the z-axis at the center of the simulation
domain. The grids are indicated together with the set potentials in red.
The inset shows the potential at the retarding grid. Here, the potential
depression determines the resolution on the high energy side.

tuations will be smoothed out due to imperfections in the grids and the ion sources
not being mono-energetic.

The width of the flank on the high energy side is caused by potential depression
in the retarding grid [106]. The grids do not provide an ideal equipotential surface,
as was shown in figure 5.3.4. Here, test case 1 is used to investigate the potential
depression at the center of the apertures. In this simplified case the apertures all
line up and therefore the potential at the center of the apertures is represented by
the potential on the straight line along the grid normal. The potential is plotted
in figure 5.4.5 for VR of 5 V. The grids are indicated and the grid potentials are
displayed in red. The inset shows an enlarged view of the potential at the retarding
grid.

The potential applied on the grids is not reached inside the grid apertures. At
the center of the retarding grid a maximum of 3.9 V is reached, which is 1.1 V
lower than the potential on the grid. With VR set to 5 V, all ions with energy
below 3.9 eV will be stopped, above 5 eV all ions will be transmitted and between
3.9 eV and 5 eV a part will be transmitted.

The flank on the low energy side is broader. First, while VR is still much lower
than the ion energy, ions keep most of their initial velocity and are transmitted
with the optical transmission. When VR approaches the ion energy, part of the
ions that pass a grid hole at short distance to a grid wire are deflected. The radius
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at which ions can pass through the grid apertures decreases with increasing VR

resulting in a steep decrease in transmission. Such behavior has been predicted
by Sakai [107] who considered the transmission of a single grid.

5.4.4 Space charge effects

The effect of space charge on the ion trajectories can now be estimated by com-
paring the electric fields inside the apertures with the fields induced by passing
ions. The potential depression creates electric fields perpendicular to the direction
of the ions which cause the lensing effects. The 1 V potential difference over half
the aperture width of 25 µm creates electric fields in the order of 40 kV/m.

The radial electric fields, perpendicular to the ion velocity, due to space charge
can be estimated using Gauss’s law inside the apertures. The space-charge density
is calculated by dividing the current density by the ion velocity: ρ = J/v. The
maximum density is found for the Child-Langmuir space charge limited current
and slow (thermal) ions, which is independent of the ion mass:

J =
4

9
ε0

√
2q

mi

V
3
2

d2 , (5.3)

v =

√
8kBT

πmi

, (5.4)

ρ =
J

v
=

4

9
ε0

√
πq

4kBT

V
3
2

d2 , (5.5)

where q and mi are the ion’s charge and mass, V and d are the potential dif-
ference (5 V), respectively, the distance (200 µm) between G2 and C , T is room
temperature and kB and ε0 are the Boltzmann constant and the permittivity of
free space.

The resulting radial electric field at a distance r from the center of the aperture
is:

Er =
ρr

2ε0
< 10 kV/m. (5.6)

Therefore, even when the RFEA is operated near the space charge limited cur-
rent density, the ion lensing will dominate over space charge effects. Hence, the
exclusion of space charge from the simulations is justified.

5.4.5 Comparison to experiment

The SIMION results are compared to measurements of an ion beam with a narrow
energy distribution. An ion gun (Oxford Applied Research, DC25s) is used to
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Figure 5.4.6: Comparison between EQP and RFEA measurements of the ion gun IEDF
and simulation of RFEA response with SIMION.

create a highly directional 100 eV beam of hydrogen ions incident on the RFEA
probe. The background pressure was lower than 0.1 Pa, ensuring that no collisions
of ions with background gas take place inside the RFEA.

To determine the actual IEDF the beam was also measured with the Elec-
trostatic Quadrupole Plasma analyzer (EQP, Hiden Analytical) ion mass spec-
trometer, which has a much smaller energy bandwidth (0.5 eV full width at half
maximum (FWHM)) than the RFEA.

The RFEA and EQP measured IEDFs are shown in figure 5.4.6. The RFEA
measured IEDF was smoothed using a simple central moving average filter with a
span of 3 data points. Broadening due to this smoothing is negligible.

The EQP measures a distribution centered at slightly higher energy of 103.2 eV
than set on the ion gun. The FWHM of the RFEA measured distribution is ap-
proximately 10 eV. The curves are almost symmetric around the central energy.
At the low energy side the RFEA IEDF does not go completely to zero.

The FWHM measured with the EQP is 3.2 eV, which is not limited by the EQP
energy bandwidth and therefore represents the ion beam bandwidth. Because the
beam is not mono-energetic it is not possible to directly compare the result to the
simulated IEDF from figure 5.4.4b. Instead the simulation is taken as the RFEA
instrument response curve. The convolution with the EQP measured IEDF yields
the predicted outcome of the RFEA measurement. The result is also shown in
figure 5.4.6. The resulting IEDF agrees fairly well with the RFEA measured
IEDF. The FWHM is approximately 7.5 eV. Compared to the measurement the
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IEDF is slightly shifted by 1 eV, but this shift is much less than the width of the
distribution.

The FWHM is slightly underestimated. Grid imperfections and grid spacings
being not fully homogeneous over the total RFEA surface could attribute to addi-
tional broadening of the IEDF. Therefore the width of the simulated IEDF should
be treated the as the minimum experimental width.

5.5 Consideration for application in EUV-induced

plasma

Appendix B contains a discussion about two issues that were encountered when
the RFEA was applied in the investigation of EUV-induced plasmas. The first is
the calibration of the timing and the collector current measurement. The response
of the current sensing circuit on the collector current was investigated by applying
a known current signal to the collector-connection. The measured amplitude is
5 % less than the input amplitude, which can be corrected for. Furthermore, a
peculiar bug in the RFEA control software causes that no data is stored during
the first microsecond after the trigger signal.

This bug does not directly impact the measurements, due do the second issue
discussed in this appendix: the EUV radiation creates large photo-electric currents
in the RFEA that fully saturate the current sensing circuit for at least 1.7 µs. The
time resolution during regular operation is 1 µs. RFEA measurements are therefore
only possible from 2 µs after the EUV pulse.

5.6 Summary

The transmission of RFEAs has been investigated by simulating ion trajectories
through a stack of grids in the absence of magnetic fields in a collisionless regime.

In the first part the focus was on the effective transmission during ion flux
density measurements, with VR =−5 V. The test cases showed that for high ion
energy (> few hundred eV) at normal incidence, To is the effective transmission.
The RFEA potentials are small compared to the ion energy and therefore the ion
trajectories are straight lines.

At low energy the ion trajectories are strongly influenced by the electric fields
between the grids. Beamlets are focused in the curved potential distributions
around G0. The focus distance and the grid alignment determine whether there is
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a high or a low transmission, leading to fluctuations in the transmission as func-
tion of ion energy. Rotation of the first grid effectively reduces these fluctuations
by breaking the periodicity of the grid stack. Transmission decreases with the
incident angle of ions on the first grid. There is a preference for certain values of
θ at high impact angles, but in plasmas this effect will not be noticable due to the
absence of ions with a large impact angle.

The method demonstrated here allows for a relatively straightforward determi-
nation of the effective transmission of a RFEA probe with known grid alignment.
When there is sufficient randomization in the grid placement, the effective trans-
mission at normal incidence is equal to To over a wide range, which in our case
is close to Tni . Furthermore, energy dependent transmission effects due to grid
alignment can also be predicted. The application to the experimental probe and
the comparison to the ion gun measurements showed that the model can also be
used to predict the minimum experimental energy resolution.

For the analysis of our measurement we will use the optical transmission as
effective transmission (43.5 percent). In combination with the effective sampling
area of 19.0 mm2 (section 5.2), the conversion factor from collector current to ion
flux density is 1.2± 0.2 m−2. The RFEA will be used extensively in chapter 6.
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Ion fluxes in EUV-induced
plasma
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Chapter 6

Ion flux densities in EUV-induced
hydrogen plasma

6.1 Introduction

The ion fluxes towards plasma exposed surfaces can be characterized by the ion
flux density and the ion energy distribution function. This chapter presents mea-
surements, analysis and interpretations of the ion flux densities in EUV-induced
plasmas in hydrogen. The main diagnostics is the RFEA, but measurements are
also compared to PIC simulation results by RnD ISAN.

The first section presents the results in 5 Pa hydrogen, which is considered the
standard pressure in this work. The temporal evolution of the flux density and
the total ion fluence will be analyzed. In the following sections, the influence of
the EUV pulse energy (section 6.3) and the gas pressure (section 6.4) are investi-
gated. There, a new model will be introduced that relates the flux density to the
pressure by applying the Beer-Lambert law to the absorption of fast electrons in
the background gas.

6.2 Time-resolved ion flux density measurements

This section describes the time-resolved ion flux density in EUV-induced plasma
in hydrogen at a pressure of 5 Pa. As mentioned in chapter 3, the experimental
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Figure 6.2.1: The time-resolved ion flux density measured in 5 Pa H2. The EUV pulse
energy was 115± 6 µJ. The inset shows the flux density from 0 to 15 µs.
The red dotted line represents the extrapolated fit of the exponential decay
from 200 to 300 µs with a flux density decay time of 94± 5 µs.

setup consists of two parts: the EUV source and the measurement chamber. The
EUV source is a xenon-bases discharge produced plasma (DPP). Plasma is gen-
erated in the measurements vessel where the gas pressure is kept stable at 5 Pa.
Quantitative ion flux densities are measured using a commercial RFEA (Impedans
Semion Single Sensor), which has already been discussed in chapter 5. The RFEA
is positioned in the EUV beam so that the sample surface is directly exposed. It
was shown in section 5.5 that shortly after the EUV pulse, the RFEA is fully satu-
rated due to photo currents induced by the EUV radiation. RFEA measurements
are therefore only possible after 2 µs.

Figure 6.2.1 presents the time-resolved ion flux density in 5 Pa H2 for an EUV
pulse energy of 115± 6 µJ. The temporal resolution is 1 µs and acquisition starts
at 2 µs after the EUV pulse. The trace is averaged over 103 EUV pulses. The data
after 10 µs was smoothed using a first order Savitzky-Golay filter spanning 30 µs
to improve the signal-to-noise ratio. The flux shows an unexpected depression at
175 µs and a similar but less pronounced dip at 350 µs.The cause of these features
is currently unknown.

The inset in figure 6.2.1 shows the ion flux density on a shorter time scale.
The flux density at 2 µs is close to 4× 1017 m−2s−1 and decays by an order of
magnitude during the first few microseconds. The decay rate decreases during
the next couple tens of microseconds, until the decay becomes exponential after
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200 µs. It is difficult to see if the flux decay is fully exponential at this moment
because the flux approaches the lower detection limit. An exponential fit from 200
to 300 µs yields a flux density decay time of 94± 5 µs. The extrapolated fit is also
plotted in figure 6.2.1.

The fast flux decay from 2 µs onwards suggests that a substantial part of the
ion flux is not captured in the measurement. It is therefore not possible to directly
determine the total ion fluence from such an RFEA measurement. Therefore, in
the following sections two approaches are explored to determine the total fluence.
Firstly, in section 6.2.1 an attempt is made to improve the RFEA hardware to
reduce the blind period. Unfortunately, it will be shown that the improvements
are not sufficient for our purpose. Therefore, secondly, in section 6.2.2, a numerical
model is introduced that simulates the ion fluxes at these short time scales. The
results from the model will first be validated by comparison with experimental
data in the time frame where experiments are possible.

6.2.1 Modified RFEA hardware

The EUV radiation on the sample surface of the RFEA causes photo-electron
emission which makes it impossible to measure the ion flux during the first 2 µs.
To reduce the blind period of the RFEA hardware, ASML built their own hardware
to control the RFEA probes. The new design features reduced RC times and a
faster ADC (10 MHz instead of 1 MHz) with a larger current range (±15 µA instead
of ±6 µA).

The results from a test measurement in 5 Pa H2, presented in figure 6.2.2,
show the collector currents at slightly negative (−5 V) and high positive (20 V)
retarding potentials as function of time and shorter than 1 µs after the EUV pulse.
A negative current represents electrons being collected, while a positive current is
either due to the collection of ions, or electrons leaving the collector due to the
photoelectric effect. The ion current is obtained by subtracting these currents, as
was illustrated in figure 5.1.2 in chapter 5.

There is a delay of approximately 0.2 µs between the trigger pulse (at t = 0)
and any noticeable effect on the collector current. From 0.2 to 0.4 µs the signal
shows extensive jitter. The jitter reduces after 0.4 µs, but even after that the
noise is still substantial. The large negative current peaks between 0.2 and 0.4 µs
appear due to secondary electrons that were emitted by the RFEA’s grids under
EUV exposure that reach the collector. With sufficient averaging it is possible
to determine ion flux densities on longer time scales than 0.7 µs, which means
the blind period is reduced by 1.3 µs. Figure 6.2.3 presents the ion flux densities
measured with the custom hardware, together with results from the Impedans
hardware and results from ion flux simulations. The comparison will be discussed,
after a short description of the modeling work, in section 6.2.3.
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Figure 6.2.2: The time-resolved currents obtained using the modified hardware. The
currents are averaged over 5 V as was illustrated in fig.5.1.2. The difference
between the current at positive and negative VR is the ion current, which
is shown in figure 6.2.3.

6.2.2 RnD ISAN PIC model

In parallel with the experimental work, a numerical model was developed by
Dmitry Astakhov from RnD ISAN / University of Twente [8, 108], that is tailored
especially for the simulation of EUV-induced plasmas in EUVL relevant condi-
tions. The model is able to describe the fast evolution of a low density hydrogen
plasma and compute the ion fluxes from the plasma to the surface by applying an
appropriate description of the plasma sheath. Results from the model adapted to
the current experimental geometry where shared for validation purposes and to
gain more insight in ongoing physics. After validation, the model could be used to
investigate the plasma dynamics in situations where the experimental diagnostics
cannot provide (trustworthy) results.

On short time scales (≤ 4 µs) a two dimensional particle-in-cell plasma model
with Monte Carlo collisions (PIC-MC) was used with a cylindrical (rz) geometry
[48]. The model calculates spatially-resolved energy and density distributions of
neutral gas particles, ions, radicals and electrons. Photoionization and secondary
electron emission from EUV exposed surfaces are included as well. The EUV
spectrum is equal to the spectrum already presented in figure 3.3.2. For a full
description of the model the reader is redirected to Astakhov’s dissertation [8].

The PIC model is too computationally expensive to run beyond 4 µs. To extend
the computational time domain up to hundreds of µs, however, the results from
the PIC model have been used as input data for a diffusion model. This model
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Figure 6.2.3: Ion flux density measurements in 5 Pa H2 with the Impedans and custom
RFEA hardware compared to results from the PIC model.

calculates the transport of species without resolving the energy distributions. The
PIC model shows that the electrons are in thermal equilibrium at the end of the
PIC simulation, so that they can be described with a temperature.

In the next section, for validation purposes, results from the PIC model are
compared to time-resolved RFEA measurements in 5 Pa H2. Subsequently, in
sections 6.3 and 6.4 it is investigated whether the models successfully predict the
influence of EUV pulse energy and gas pressure.

6.2.3 Ion flux density before 2 µs

The time-resolved ion flux densities measured with both the Impedans and custom
RFEA are shown in figure 6.2.3, together with the corresponding PIC simulations.
The EUV pulse energy was 138 µJ in the PIC simulation, and 139± 7 µJ in the
experiments. The Impedans hardware only allows measurements starting from
2 µs. Results obtained with the custom hardware have been binned and averaged
to enhance the signal-to-noise ratio, and haven a time resolution of 0.1 µs.

The PIC model describes the rise in ion flux due to the plasma formation by
irradiation with EUV light. The peak flux of 4× 1018 m−2s−1 is reached around
0.35 µs after the EUV pulse, after which the flux decays quickly with a typical
decay time of 0.35 µs. At t = 2 µs the flux has decreased by a factor 10. There is
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a good agreement between the model results and Impedans measured ion fluxes
at t =2 µs, 3 µs and 4 µs, where the measured ion flux is only 1.5× higher than
the simulated flux. In previous work by Van der Horst et al, a good agreement
was found between the measured and simulated electron density evolution in the
plasma volume [38, 48]. Together, these observations suggest that the models
produce trustworthy predictions of the ion flux density in EUV-induced plasma in
5 Pa H2.

The results obtained with the custom hardware show large fluctuations up to
0.7 µs due to the current fluctuations shown in figure 6.2.2. Although some of these
points seem to line up with the simulation data, these results are not reliable. The
blind period has therefore been reduced by 1.3 µs, from 2 µs to 0.7 µs. Unfortu-
nately, the current implementation suffers from an increase in noise, which could
be reduced by a better design of the electronics and improved wiring. The results
obtained with the Impedans hardware will therefore be used in the remainder of
this chapter.

6.2.4 Ion fluence

Using the results from the simulations and the RFEA measured ion flux it is
possible to estimate the contribution of the first 2 µs to the total ion fluence. The
data is integrated over three domains: first, from 0 to 2 µs, the data from the
PIC simulation is used. Second, from 2 to 10 µs, the raw data measured with the
Impedans RFEA hardware is used as presented in the inset of figure 6.2.1. Third,
for 10 µs onwards the smoothed data, presented in the full figure 6.2.1, was used
up to 300 µs, where the signal drops below 1× 1015 m−2s−1.

Table 6.2.1: Fluences per time interval.

Time Fluence Relative Method

< 2 µs 2.5× 1012 m−2 54% PIC

2 to 10 µs 0.8× 1012 m−2 16% RFEA

10 to 300 µs 1.4× 1012 m−2 30% RFEA smoothed

0 to 300 µs 4.7× 1012 m−2 100% Sum

The resulting fluences are given in table 6.2.1. The total fluence yields
4.7× 1012 m−2pulse−1. Because the majority of the ions arrives within the first
2 µs, the largest part of the fluence is not measured with the RFEA.

Following the theoretical sheath model from section 2.5, the ion wall flux den-
sity is determined by the local ion density ni and velocity vi at the interface
between the plasma volume and the space charge region (sheath) separating the
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plasma from the wall:
Γi = nivi. (6.1)

In chapter 7 it will be shown that the energy distribution (and thus the velocity
distribution) remains unchanged throughout the ion flux decay. This strongly
suggests that the velocity distribution at the plasma-sheath interface does also not
change. Therefore, the ion flux dynamics are fully determined by the dynamics of
the local ion density.

Theoretically, the plasma density is established by photoionization followed by
electron impact ionization. The density due to photoionization was determined by
the photon fluence (and thus the pulse energy), ionization cross section and the
gas density (see section 2.2):

ne,pi ≈ Φhνσpina. (6.2)

Hence, the number of ions created by photoionization scales linearly with the
pressure and EUV pulse energy. The out-of-band radiation increases this density
tenfold. A further enhanced of the density happens by electron impact ionization,
of which the contribution depends on the pressure.

Using equation 6.2 it is possible to make a rough estimation the ion fluence.
The total number of ions created in the experimental volume by photoionization
can be calculated by multiplying the density from eq. 6.2 by the volume of the
EUV beam. For a EUV pulse energy of 115 µJ, that correspond to a photon fluence
Φhν = 6.2× 1017 m−2, a density of Ni = 6.1× 108 is found. Due to the the out-
of-band radiation the actual density due to photoionization is ten times higher.
If the ions would be evenly distributed over the inner wall of the cylindrical wall
of the experimental geometry (length and diameter of 10 cm, see chapter 3), the
resulting ion fluence would be 1.3× 1012 m−2.

The assumption of an evenly distributed ion flux renders an underestimation,
because plasma is generated directly in front of the orifice. The local flux towards
the surface will therefore be larger here, compared to the sidewalls of the cylinder
where the ions only reach after the expansion of the plasma volume. Furthermore,
electron impact ionization has not been included in this estimation. Therefore the
ion density will be higher in reality. Nonetheless, the ion fluence calculated here
is only 3.6 times lower than the fluence of 4.7× 1012 m−2pulse−1 that was deter-
mined above. Hence, a reasonable result can be obtained from a straightforward
estimation.

6.2.5 Determination of Te from the ion flux decay

As was discussed in chapter 2, the temporal evolution of the ion flux typically
shows three stages: firstly a sharp increase due to the plasma generation, secondly,
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a fast decay where the plasma expands and the electrons cool, and thirdly, the
exponential decay phase. In this section the evolution of the ion flux density
in the third phase is analyzed to determine the electron temperature during the
exponential decay.

Two processes that can lead to loss of ions in the plasma are recombination
with electrons in the plasma volume, and ion fluxes to adjacent walls:

A+ + e A (6.3)

A+ + wall A. (6.4)

However, in hydrogen the recombination process is dissociative recombination with
a reaction rate of only 7.5× 10−14 m3s−1. With the observation in [38] that the
electron density is well below 1× 1016 m−3 the recombination time scale is larger
than 1 ms (under the assumption of equal electron and ion densities in the plasma
volume). Volume recombination can therefore be neglected as an ion loss mecha-
nism.

During the exponential decay phase, the potential difference between the plasma
and the wall causes an ambipolar flow [109]. This flow, followed by wall losses,
determines the ion flux density and the loss of ions from the plasma. The flow
speed is governed by the ambipolar diffusion coefficient:

Da = µi (Ti + Te) . (6.5)

Here Ti and Te are the ion- and electron temperature in eV and µi is the ion
mobility [52]):

µi = µ0
i (105/p), (6.6)

with µ0
i the ion mobility at room temperature and atmospheric pressure. In EUV-

induced plasma in hydrogen H +
3 is by far the dominant ion (see chapter 7). The

mobility is therefore taken for this ion: µ0
i =1.1× 10−3 m2V−1s−1 [53].

The characteristic ambipolar diffusion time is given by:

τa = Λ2/Da. (6.7)

Here, the typical diffusion length Λ in a cylindrical geometry with length L and
radius R is given by[54]

1

Λ2 =
(π
L

)2

+

(
2.405

R

)2

. (6.8)

With L and R of the used geometry 100 mm and 50 mm, respectively, Λ = 1.74 cm.

Combining equations 6.5,6.7 and 6.8 gives the decay time of the ambipolar
flow, and with that, the decay time of the ion flux density:

τa =
Λ2

µ0
i × 105

p

(Ti + Te)
= 2.75× 10−6 p

Ti + Te
. (6.9)
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Using eq. 6.9 the electron temperature during the exponential decay phase can
be determined. In figure 6.2.1 the ion flux as function of time was presented in
5 Pa H2 for the EUV pulse energy of 115 µJ. The exponential fit on the measure-
ments between 200 to 300 µs yields a decay time of 94± 3 µs, corresponding to
Ti + Te = 146± 5 meV. This indicates that on these time scales the electron tem-
perature has not fully decreased to room temperature or that the heavy particle
temperature is slightly increased, to a maximum of 850 K. However, such increase
in temperature would probably be noticed by the calorimetric EUV power sensor,
but the temperature of the sensor never exceeded 1 K of temperature change dur-
ing EUV exposures of tens of seconds. Hence, Ti is expected to be around room
temperature (25 meV), and therefore Te = 121 eV. The here found Te is slightly
higher than the roughly 50 meV [7] that was found by Van der Horst under similar
experimental conditions. He used an equivalent analysis of the electron density
decay, measured by microwave cavity resonance spectroscopy. One difference be-
tween the experimental geometry of Van der Horst and the current one is that
the geometry of Van der Horst has an opening on the back side so that the EUV
was transmitted, instead of being absorbed by the wall. The resulting secondary
electron emission could explain this minor difference.

In summary, the ion flux density was measured as function of time in 5 Pa H2.
Unfortunately, the RFEA cannot measure the ion flux in the first 2 µs after the
EUV pulse. Therefore the results from a PIC model have been used to study the
flux during this blind period. It was shown that more than half of the ion fluence
arrives between 0 and 2 µs, and is therefore not measured with the RFEA. About
50 µs after the EUV pulse the ion flux decay becomes exponential. During this
phase the electron temperature can be determined from the flux density decay
time. Following this method, Te was determined to be around 121 eV. In the next
sections the influence of the EUV pulse energy and the pressure on the ion flux
decay will be investigated.

6.3 The influence of the EUV pulse energy

In section 6.2.4 is was reasoned that the plasma density should scale linearly with
the EUV pulse energy. In this section, the ion flux density was measured and
simulated as function of time for EUV pulse energies over a range from 13.9 to
181 µJ/pulse. The results in 5 Pa H2 are shown in figures 6.3.1a and 6.3.1b on
respectively short and longer time scales. The flux density is divided by the EUV
pulse energy to obtain the reduced ion flux density that is presented on the vertical
axis. Figure 6.3.1a shows both PIC and diffusion simulation data while in figure
6.3.1b the PIC data is omitted for clarity.

As already explained in section 6.2.2, the PIC data is calculated up to 4 µs
after the EUV pulse. For time scales longer than 4 µs the plasma decay is simu-
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Figure 6.3.1: The measured and simulated ion flux density scaled by the EUV pulse
energy as function of time for multiple EUV pulse energies in 5 Pa H2, in
a) over 15 µs and in b) over 250 µs. From 10 µs onwards, the RFEA data
has been smoothed using a 1st degree Savitzky-Golay filter.
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lated using the diffusion model. The RFEA is only capable of measuring from 2 µs
onwards. The data in figure 6.3.1b starting from 10 µs has been smoothed using a
1st degree Savitzky-Golay filter to increase the signal-to-noise ratio.

The results show that the ion flux density increases with EUV pulse energy.
Division by the EUV pulse energy maps the RFEA and simulation data on a single
curve. The ion flux per joule seems to decrease slightly with EUV pulse energy, but
the difference is smaller than a factor 2. On the microsecond time scales, the ion
flux density in the PIC simulations peaks shortly after the EUV pulse. The flux
density then quickly decreases and has reduced to less than 10 % of the peak flux
density before the RFEA samples the first data point. The characteristic decay
times does not change with EUV pulse energy, as expected from eq. 6.9. Starting
from 500 µs, the slope of the exponential decay corresponds to Te ≤44 meV (510 K).

From figure 6.3.1 it is concluded that the simulations successfully predict the
ion fluxes to within the experimental error margin. Therefore, in the next section
the simulations are used to determine the total ion fluence as function of the EUV
pulse energy.

6.3.1 Ion fluence

Because a large part of the ion fluence cannot be measured with the RFEA, the
ion fluence is calculated by integrating the simulated ion flux densities over the
full duration of the PIC and diffusion simulations. Figure 6.3.2 presents the ion
fluence as a function of EUV pulse energy at a H2 gas pressure of 5 Pa.

The fluence is indeed linear in the EUV pulse energy as was expected from
eq. 2.7. The data is fitted with a linear function, with a resulting slope of
3.1× 1010 m−2pulse−1µJ−1. The ion fluence can be estimated using the same
approach as in section 6.2.4. The slope due to photoionization then becomes:
10σphnaL

hνA =1.1× 1010 m−2pulse−1µJ−1, which is almost a factor three less than
the slope from the fit. As stated before, not taking into account the electron im-
pact ionization and the uneven distribution of the ions over the interior wall of
the experimental volume leads to an underestimation of the actual ion flux in this
calculation. The fit and the calculation are therefore in fair agreement.

6.4 The influence of the gas pressure

The previous section showed the linear dependence of the ion fluence on the EUV
pulse energy. The relation with the gas pressure might be more complex, be-
cause the contribution of electron impact ionization increases with the pressure.
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Therefore, the ion flux density was measured and simulated as function of time for
various H2 gas pressures in the range from 0.5 to 12 Pa. The EUV pulse energy
was 115± 6 µJ in the measurements and 138 µJ in the simulations.

The results for selected pressures are presented in figures 6.4.1a and 6.4.1b,
respectively up to 15 and 700 µs. On short time scales the comparison between
experiment and simulation is again fair. The measured flux density is about two
times higher than simulated. The agreement is better at higher pressure. At
longer time scales simulated flux starts to deviate from the experimental after
approximately 35 µs. This is most clear at 12 Pa. The measured flux reaches the
exponential decay phase faster than the simulated flux. The decay times, however,
in simulation and experiment are similar.

The graphs show that not only the ion flux densities increase with pressure,
the ion flux decay becomes slower as well. In the following two sections these
observations are analyzed. In section 6.4.1 the increase of the fluence with pressure
is explained by the increased contribution of electron impact ionization. The decay
of the flux density is study more in depth in section 6.4.2, where it will be shown
that the ambipolar flow becomes slower with increasing pressure.
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Figure 6.4.1: The measured and simulated ion flux density as function of time for multi-
ple H2 gas pressures. The EUV pulse energy was 115± 6 µJ. The time in
a) spans over 15 µs and in b) over 700 µs. From 10 µs onwards, the RFEA
data has been smoothed using a 1st degree Savitzky-Golay filter.
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6.4.1 Ion fluence and electron absorption model

The ion fluence is again determined by integrating the results from PIC and dif-
fusion simulations, as was done previously in section 6.3.1. Figure 6.4.2 presents
the fluence as function of gas pressure. From this figure it can be concluded that
the fluence increases faster than linear with the pressure. Photoionization is lin-
ear in the gas pressure (eq. 6.2). It is therefore apparent that electron impact
ionization becomes increasingly more important as the pressure increases. In this
section a model is developed that describes the increase in flux with pressure by
applying the Beer-Lambert law of absorption to fast electrons traveling through
the background gas.

It was previously suggested [7, 38] that the influence of the pressure can be
described over three distinct pressure ranges that depend on the ratio between the
electron mean free path λe and the dimensions of the geometry R and L:

1. In the low pressure range, λe � R,L, electrons originating from photoion-
ization reach the wall of the geometry without colliding with the neutral gas
molecules. No electron impact ionization takes place, hence the ion density
scales linear with the pressure as in eq. 6.2.

2. In the high pressure range, λe � R,L, electrons lose all their energy in
collisions with the background gas. Each ionization event consumes at least
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the ionization energy and the remaining energy is equally distributed over
the resulting electrons. 76 eV electrons have only enough energy to produce a
few additional electrons and ions. Therefore the ion density at high pressure
scales again linear with pressure, although with a much steeper rate.

3. In the intermediate pressure range, λe ≈ R,L, the electron density transits
between the two linear rates.

The electron mean free path depends on the electron-neutral collision cross
section σea and nH2

according to:

λe =
1

σeanH2

=
kbT

σeap
. (6.10)

Above 40 eV collisions between electrons and hydrogen molecules are dominated
by ionization (see section 2.3.2), with around σeii = 9× 10−21 m2 from 40 to
130 eV[49]. Therefore λe × p =46 cm Pa. λe becomes equal to the dimensions of
the experimental geometry at approximately 4 Pa, which is within the pressure
range of this experiment.

The description with three pressure regions suggests that there are essential
differences in the physical processes happening in the different regions, which is
not actually the case. Therefore, a new approach is proposed to describe the
influence of the pressure over the full pressure range. In this approach, the Beer-
Lambert law is considered for ’absorption’ of electrons that travel through the H2

background gas.

The fraction of electrons that participate in inelastic collisions (ionization, dis-
sociation, rovibronic excitation) is:

fea = 1− e−σea`nH2 (6.11)

where ` is the electron travel length and σea is the total electron-H2 collision
cross section for inelastic collisions. l describes the maximum travel distance of
energetic electrons inside the experimental geometry, equivalent to path length of a
beam through a material sample in the Beer-Lambert law. Here we introduce two
correction factors that determine how many electrons are created in the inelastic
collisions: β and r.

First, β describes the fraction of inelastic collisions that results in the creation
of free electrons. Only ionizing collisions result in the creation of free electrons.
The ratio between the total amount of electron impact ionization events and the
total inelastic collisions is given by the ratio between their cross sections: β =
σeii/σea. Figure 6.4.3 shows β as function of electron impact energy, which equals
roughly 0.6 over a large energy range. From this it can be found that free electrons
are created in about 6 out of 10 inelastic collisions.
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Figure 6.4.3: The ratio of electron impact events and the total number of inelastic events
β and the ratio of the single ionization cross section to the total ionization
cross section r as function of electron impact energy. The cross sections
from Tawara and Kato have been used [45].

Secondly, r describes the fraction of electrons that were created in electron
impact ionization that have enough energy for further electron impact ionization.
A single ionization event results in two electrons that can have enough energy
for electron impact ionization (see section 2.3.2). However, dissociative ionization
consumes much more energy, resulting in two low energy electrons. The ratio of
single ionization to the total ionization cross section is approximately r = 0.92. r
is also plotted in figure 6.4.3.

The electron impact ionization cascade for a single electron therefore proceeds
as follows: the electron travels trough the background gas until it is absorbed,
or loses energy, in an inelastic collision. The chance on an ionization evens is
β. If ionization occurs, the chance that the two resulting electrons have enough
energy to continue the ionization cascade is r. These electrons again travel through
the background gas and a fraction fea is absorbed in inelastic collisions. This
cascade stops when the electron energy has decreased below the ionization energy.
Electrons will then continue to lose energy due to inelastic collisions, but will no
longer increase the plasma density. Mathematically, the contribution of electron
impact ionization events to the plasma density can be described by:

Ne,eii = Ne,pi ×
imax∑
i=1

(2r)
i−1

(βfea)
i
, (6.12)

where Ne,pi is the number of fast electrons created by photoionization events. imax
is the number of cascades before the ion energy has dropped below the ionization
energy. After ionization, the remaining energy is equally distributed over the
ejected electrons [47]. Therefore, for the initial electron energy ε, imax is defined
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by the inequality

ε

2imax
−
imax∑
i=1

Eion

2i
< Eion. (6.13)

In the case of hydrogen, Eion = 15.4 eV. Upon irradiation with EUV at 13.5 nm,
electrons are generated with initial energy ε = 76 eV. In this case, imax = 2,
resulting in a total (photoionization and electron impact ionization combined)
number of electrons produced of:

Ne = Ne,pi

[
1 + βfea + 2r(βfea)2

]
. (6.14)

In the low pressure regime fea = 0, and therefore the plasma density is strictly
determined by photoionization and scales with the pressure: ni ∝ p. At high
pressure fea = 1, and the contribution of electron impact ionization from eq. 6.14
is equal to β + 2rβ2 ≈ 1.3. Together with photoionization, the plasma density
again scales linearly with the pressure, but now as ni ∝ 2.3× p.

At low gas densities (<10 Pa), the transmission factor can be linearized: fea =
1−exp (−σea`na) ≈ σea`na. Using equation 2.7, equation 6.14 can then be reduced
to the cubic equation:

Ne ≈ ΦhνVbeamσpi
[
na

3(2rβ`σea)2 + na
2βσea`+ na

]
, (6.15)

where the volume of the EUV beam Vbeam was used to calculate the number of
photoelectrons from the electron density.

Ions that are created in the volume will eventually make their way to the
reactor wall. Therefore, equation 6.14 can be used to estimate the ion fluence as
function of pressure:

Γ = α× p
[
1 + βfea + 2r(βfea)2

]
, (6.16)

with α and ` (in fea, eq.6.11) two fitting parameters. The gas density in fea
is replaced with the pressure at room temperature using the ideal gas law. A
fit to the data in figure 6.4.2 yields α = 6.5± 0.7× 1011 m−2 Pa−1 pulse−1 and
` = 4± 1 cm.

α includes the variables that determine the plasma density from photoioniza-
tion, the beam volume and cylinder wall area, but also describes the distribution
of the ions over the cylinder wall. If we apply the same approach as in section 6.2.4
and assume that all ions are evenly distributed over the wall, a lower boundary
for α can be estimated:

α ≈
ne,pi × Vbeam

p×A
= 2.6× 1011 m−2Pa−1pulse−1. (6.17)
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` matches with the radius and half length of the cylinder. When the electrons
approach the wall they are decelerated by the plasma induced electric fields, which
favors rovibrational loss collisions and momentum exchange. These processes in-
hibit the electrons from gaining enough energy for ionization when their are being
accelerated back into the volume.

Rovibrational excitation is not possible in mono-atomic gases, like He and Ar.
Therefore electron energy loss is very limited at low velocities. Electrons can
therefore be fully accelerated by the well potential and start oscillation within the
well until they ultimately collide. As a result, the absorption lengths in these gases
are much larger, up to 1 m in 5 Pa Ar.

6.4.2 Ion flux density decay

In figure 6.4.1b it was shown that the ion flux decay becomes slower with increasing
pressure. According to equation 6.9, the typical time of the ambipolar flow τa
should increase linearly with the gas pressure, which explaining the observed slower
flux decay.

One of the consequences is that the RFEA can capture a larger part of the ion
fluence using a high pressure, because a larger part of the fluence arrives after the
2 µs blind period.

During the exponential plasma decay phase, Te is expected to be close to
room temperature [28]. At 35 µs the measured curve starts to deviate from the
simulations, apparently, because the exponential phase starts earlier.

At 5 Pa and 7.5 Pa the noise level at 1× 1015 m−2s−1 is reached before the
exponential decay phase begins. The experimental data is therefore not sufficient
to determine the electron temperature during the exponential decay phase for these
pressures. Because the flux density at 12 Pa is much higher, the transition to the
exponential decay phase can be seen there. An exponential fit from 200 to 500 µs
shows that the decay time is 222± 7 µs, corresponding to (Ti+Te) =147± 5 meV.
Assuming room temperature ions (25 meV), Te =122± 5 meV, which matches the
temperature that was found in section 6.2.5 at 5 Pa from 200 to 300 µs. In the
diffusion simulations Te decreases to 35 meV.

When the electron temperature has dropped below the energy of the first vi-
bration level of H2 (0.516 eV) the energy loss stagnates. Rotational excitation and
energy exchange in collision with gas particles are the only pathways for electron
energy loss. In rotational excitation, J = 0→ 2, the energy loss is only 0.044 eV,
with σea(J = 0 → 2) = 2× 10−22 m2. The fraction of energy transfer in momen-
tum transfer collisions is roughly equal to the ratio of the electron mass to that
of the gas molecule me

Mi
≈ 3× 10−4, with σea(mom) = 1× 10−19 m2. The energy

loss time becomes larger than 100 µs, which agrees with the time scales at which
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the flux decay becomes exponential.

6.5 Conclusions

This chapter studied the ion flux density towards a surface exposed to EUV-
induced plasma in hydrogen. The focus was on the temporal evolution of the ion
flux density and on the influence of EUV pulse energy and pressure on the fluence.
The RFEA was unable to capture the full ion fluence due to the 2 µs blind period.
Therefore the results from PIC and diffusion models have also been used in the
analysis. The measurement results were used to validate the models, and it was
shown that the models correctly describe the flux from 2 µs onwards until the flux
approached the RFEA detection limit.

The typical ion flux decay time was shown to be independent of the EUV pulse
energy. The increase in gas pressure results in a slower plasma decay due to the
slower ambipolar flow.

Results from the PIC and diffusion models were used to determine the total
ion fluence. The fluence is linear in EUV pulse energy, as is expected from the
theoretical description of photoionization and electron impact ionization. For the
influence of the pressure a newly developed model was presented, based on de-
scription of electron absorption in the background gas using the Beer-Lambert
law.

In conclusion, the ion flux density evolution and fluence can be correctly de-
scribed with the classical equations for photoionization, electron impact ionization
and ambipolar diffusion. Therefore the PIC model with the extended temporal
range due to the diffusion model successfully describes the ion flux density.
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Chapter 7

Energy- and species-resolved ion
fluxes in EUV-induced hydrogen

plasma

The ion fluxes towards plasma exposed surface can be characterized by the ion
flux density and the ion energy distribution function. Since the previous chapter
discussed the flux densities, the following chapter is dedicated to the ion energy
distribution functions (IEDF) in ion fluxes to surfaces exposed to EUV-induced
plasma. IEDFs are important parameters in the plasma-surface interactions [33,
110]. Furthermore, the temporal evolution of the ion flux can be used to study
the plasma dynamics.

The IEDFs presented in this chapter have been measured mainly with the
electrostatic quadrupole plasma analyzer (EQP). Firstly, the time-averaged IEDFs
(section 7.1) and time-resolved IEDFs (section 7.2) are investigated in 5 Pa H2.
It will be shown that a thermal (Maxwellian) electron energy distribution cannot
explain the energy distributions during the plasma decay. Therefore, section 7.3 is
dedicated to the description of possible sources of fast electrons. Thereafter, the
influence of EUV pulse energy and gas pressure are discussed.
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7.1 Time-averaged IEDFs and species composition

in EUV-induced plasma

This section is based on the following publication:

T.H.M. van de Ven, P. Reefman, C.A. de Meijere, R.M. van der Horst, M. van
Kampen, V.Y. Banine and J. Beckers, Ion energy distributions in highly transient
EUV-induced plasma in hydrogen, Journal of Applied Physics 123, 063301, 2018

Figure 7.1.1 presents the measured IEDFs of hydrogen ions in 5 Pa hydro-
gen gas. Two observations are made. Firstly, the three species detected are H+,
H +

2 and H +
3 (m/z=1, 2 and 3). Mass scans at 4 eV shows that no other ions are

present. Secondly, the shape of the IEDFs of H +
2 and H +

3 are similar, showing
a broad distribution with a steep decrease at about 8 to 9 eV. The shape of the
IEDF of H+ in this energy range is similar to that of the other species. However,
this distribution has an energetic tail that extends to just under 20 eV, which was
not anticipated.
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Figure 7.1.1: The species-resolved IEDF in EUV-induced plasma in 5 Pa hydrogen gas.
The EUV pulse energy was 124± 3 µJ.
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PLASMA

7.1.1 Ion flux composition

The measured H+ and H +
2 are created by photoionization in a ratio H+/H +

2 of
about 0.27 [16]. The excess photon energy results in the creation of relatively
energetic electrons, with energies up to 76 eV. These electrons further ionize the
background gas by electron impact ionization, creating mainly H +

2 as the cross
section for ionization to H +

2 is 10 times larger than for ionization to H+ [49].
Hence, more H +

2 than H+ is created.

Although not created by photo- or electron impact ionization, H +
3 appears

clearly the dominant ion. Reason for this is that H +
2 is rapidly (0.5 µs) converted

to H +
3 by collisions with the background H2 gas (H +

2 +H2→ H +
3 +H) (see section

2.4). The dominance of H +
3 has been shown in other weakly ionized plasmas [42],

but is now, for the first time, also observed in a photon induced plasma.

7.1.2 Energetic tail

The creation of the high energy tail in H+ may be explained by the following two
mechanisms:

1. Due to its lower mass, H+ is affected more by the temporally high potential.

2. Upon entering the space charge region H+ already has a higher energy than
H +

2 and H +
3 when it enters the space charge region.

In the first mechanism, the observed tail is the result of the lower inertia of
H+, compared to that of H +

2 and H +
3 . The potential peaks shortly after the EUV

pulse and then decays within a few tens of nanoseconds because the electrons cool
due to electron neutral collisions. All ionic species are accelerated by the resulting

electric fields
→
E with the same force due to their equal (single) charge:

→
a i (t) =

→
F i(t)

mi

=
qi
→
E (t)

mi

, (7.1)

with ai and
→
F i respectively the acceleration and force on species i and mi the

particle’s mass.

However, assuming that the potential drop decreases significantly over the ion
transit time through the sheath, there is only a limited time of fast acceleration.
H+ gets accelerated to a higher extent than H +

2 and H +
3 do due to its lower mass.

The kinetic energy εi gained up to t = τ is:
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εi (t) =
1

2
mivi (t)

2
=
mi

2

[∫ τ

0

ai (t) dt

]2

=
qi

2

2mi

[∫ τ

0

E (t) dt

]2

(7.2)

The ratio of ε (t) between species i and j is a constant ratio between their
masses:

(
εi/εj

)
(t) = mj/mi. Therefore H+ gains two times more energy than

H +
2 and even three times more than H +

3 which could result in the formation of a
high energy tail.

Following this reasoning, the difference in mass between H +
2 and H +

3 would
also result in a disparity in maximum energy between those species. This is not
seen in the present measurements: H +

2 and H +
3 have the same maximum energy

of about 8 to 9 eV (see figure 7.1.1). It could be that this is overshadowed by the
bulk of the ion flux, but it is nevertheless detrimental to the hypothesis.

The second mechanism is that H+ already has a higher kinetic energy before
it is accelerated in the induced space charge. Energetic H+ ions are formed by
both dissociative photoionization (eq. 7.3), double photoionization followed by
dissociation (eq. 7.4) [41] and dissociative electron impact ionization. First, the
photoionization reactions are considered:

hν + H2 −→ H +(*)
2 + e– −→ H+ + H* + e– (7.3)

hν + H2 −→ H ++
2 + 2 e– −→ 2 H+ + 2 e–. (7.4)

In the first process, initially a repulsive 2Σ+
u state or exited molecular ion is

formed in a vertical process. Upon dissociation, an H+ ion and an H* radical are
produced. The kinetic energy of the two products depends on the initial state of
H +*

2 and the resulting H*, but is in the order of 8 eV [41]. In the second process
both electrons are removed from the hydrogen molecule to create the unstable
H ++

2 , which dissociates into two H+. The excess potential energy associated with
H ++

2 of 18.8 eV is evenly distributed over the separated H+ due to momentum
conservation [4]. The resulting ion energy is 9.4 eV.

Considering the cross sections for ionization, that the contribution of dissocia-
tive photoionization (σ(H+,H) = 1.4× 10−20 cm2) [16] to the energetic tail is a few
times as large than that of double photoionization (σ(H+,H+) = 0.27× 10−20 cm2)
[5], considering that two ions are created in the later process.

Dissociative electron impact ionization, as with photoionization, also involves
the same intermediate excited ions:

e– + H2 −→ H +(*)
2 + 2 e– −→ H+ + H* + 2 e–. (7.5)

In electron impact, H+ can be created via the 2Σ+
g state of H +

2 which results
in near-zero energy, or, similar to dissociative photoionization, via the repulsive
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excited states of H +
2 and the repulsive 2Σ+

u state which result in a broad energy
distribution peaked at the energy of 8 eV [111]. Electron energies lower than the
threshold of transition to 2Σ+

u mainly result in low energy H+ via the 2Σ+
g state.

Numerical simulations have shown that at 5 Pa the number of electron impact
ionizations for each energetic electron created by photoionization is approximately
one [48]. About 5 % is formed into high energy (>0.25 eV) H+ [112], considering
the initial electron energy of 76 eV after photoionization. In photoionization, about
27 % of the events leads to the creation of fast H+. About 16 % of these ions is
created by double photoionization (4.3 % of the total photoionization), thus there
is roughly an equal contribution of double photoionization and dissociative electron
impact ionization.

Ionization of fast H by electron impact ionization (H + e– H+ + 2 e–,
σ =7× 10−17 cm2) can also create energetic H+. However, this cross section is
just a factor 10 larger than that of the electron impact ionization of H2 to H+ and
thus the fast H density should be in the order of 10 % of the gas density in order for
this process to have a substantial contribution. Those fast H are not produced by
electron impact ionization and conversion of H +

2 to H +
3 (H +

2 + H2 H +
3 + H)

[42, 45]. The binary recombination process of H +
3 with electrons is negligible at

our working pressure [44] and asymmetric charge transfer of H+ or H +
3 with H2

to form fast H requires ions with elevated initial ion energies. Photoionization of
H2 (eq. 7.3) does create fast H in rate similar to that of H+. Also electron im-
pact dissociation creates H (σ <9× 10−17 cm2), part of which have energies above
7 eV [45]. The expected rate at which they are created is similar to that of ions.
Due to their high velocity they reach the walls of the vessel within a few µs, if
they have not lost their energy in excitation collisions with the background gas
(the mean free path is about 10 mm [51]). Therefore the fast H will be lost long
before the next EUV pulse. The density is therefore not sufficient to contribute
to the energetic H+ tail. Other energetic H+ production processes are negligible
because either the ion energy thresholds (H +

2 or H +
3 dissociation in collision with

H2 and asymmetric charge transfer between H +
2 and H) or molecule kinetic energy

thresholds (H2 + H2 impact ionization) are too high [42, 51].

The energy that ions gain in the above described photo and electron impact
ionization processes matches with the length of the energy tail, which extends
from 8 to approximately 18 eV. The ions traversing the induced space charge still
receive the energy due to the crossing of the space charge region, which is added
to their initial energy of approximately 10 eV.

Energetic H+ ions have been measured before in electron impact experiments
[4]. Until now, they have not been reported in a plasma experiment. That is
because the energy threshold for excitation to a state that produces energetic H+

is much larger than the ionization threshold: more than 25 eV for the Q1,
1 Σ+

u (1)
state, which autoionizes and dissociates producing H+ with energies up to 4.4 eV
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[19]. Dissociating H +*
2 states need more than 30 eV to be produced and the verti-

cal threshold for H ++
2 formation is even 51.09 eV [41]. Electrons at these energies

are scarce in plasmas driven by electric fields. Energetic H+ production in laser
driven plasmas is also uncommon as laser wavelengths below 50 nm (hν=25 eV)
would be required for the ionization via the Q1,

1 Σ+
u (1) state. Therefore, most

plasmas lack the mechanisms needed for the production of energetic H+.

7.2 Time-resolved IEDFs in EUV-induced plasma

The following section studies the temporal evolution of the mass-resolved IEDFs in
the EUV-induced hydrogen plasma. In the theoretical evaluation of the temporal
evolution of the plasma (section 2.3) and the resulting ion fluxes (section 2.5) it
was predicted that the fast cooling of the electrons would lead to low energy ion
fluxes in the afterglow phase of the plasma. These predictions are challenged in
this section.

Firstly, the time-resolved IEDFs are presented that were measured with the
EQP and the RFEA. Thereafter, it will be shown that there is a large differ-
ence between the outcome of the PIC simulations and experiments. The results
from this section will therefore show that the evolution of the plasma is not fully
understood yet.

IEDFs of the hydrogen ions have been measured with a temporal resolution
of 0.2 µs. The energy distributions at various times are presented in figure 7.2.1.
The hydrogen pressure was 5 Pa and the EUV pulse energy was 121± 7 µJ.

Note that the reported fluxes are much higher than in the time-averaged IEDF
shown in figure 7.1.1. The reason is that in the time-averaged measurements there
is a substantial period during which there is barely any flux. In a pulsed plasma
the instantaneous flux can be orders of magnitude higher than the average flux,
which should be taken into account regarding the damage threshold of the SEM
detector of the EQP.

The graphs in figure 7.2.1 show three interesting features which will be dis-
cussed in the remainder of this section:

• The ion energy increases during the first 10 µs.

• Once the IEDF is established it does not significantly change during the
plasma decay.

• H +
2 is detected for up to 50 µs in the afterglow phase.
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Figure 7.2.1: Time-resolved IEDFs in 5 Pa and 121 µJ/pulse. The data is averaged using
a running average filter over 2 µs for H+ from 5 µs and for H +

2 and H +
3 from

10 µs onwards.
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The rise in energy during the first 10 µs is expected to be an artifact of the EQP
measurement caused by the limited temporal resolution of the EQP, as explained
in section 4.5.2. This is supported by the RFEA measured IEDF presented further
on in this section that does not show this energy rise.

The second interesting feature is that while the flux decreases over time as an-
ticipated, unexpectedly, the ion energy does not decrease during this decay. The
mean energy is roughly 2 to 3 eV for H +

3 from 10 µs onwards. After the electron
cooling and thermalization phase, which should take approximately 7 µs accord-
ing to the MCRS measurements by Van der Horst et al [7], the IEDF should be
determined by the sheath acceleration. The expected ion energy in a H +

3 domi-
nated plasma is therefore 3.88×Te (section 2.5). The results in the current section
therefore suggest that the electron temperature does not fully decrease to room
temperature, but remains 0.5 to 0.8 eV during at least 80 µs into the afterglow.

A similar mean ion energy was found by Osiac et al [113] in the study of the
afterglow of a pulsed hydrogen inductively couple plasma, also using an ion mass
spectrometer. Part of their results are shown in section 7.3.2. There, the mean
ion energy was found to be between 1.5 to 2 eV during 600 µs after switching of
the power.

To exclude that the measurements represent only the ion mass spectrometer
characteristics, the RFEA was also used for time-resolved IEDF measurement.
Figure 7.2.2 shows the RFEA measured IEDF at 5 Pa and 12 Pa. The RFEA
measures the total (not mass-resolved) ion flux. The signal is noisier due to the
lower dynamic range . With increased pressure the ion flux increases an the signal-
to-noise ratio improves. Therefore the IEDF at 12 Pa are also presented in figure
7.2.2b.

The peak energy at 2 to 3 eV is similar to the EQP results. At 12 Pa, the peak
energy can still be distinguished up to 100 µs. It was estimated that the retarding
potential decreases by appropriately 1 V due to the absorption of photoelectrons
emitted by the collector under EUV irradiation. The potentials relax back to
the applied voltages with an RC time of 40 ms, which is much larger than the
pulse time. The decrease of the retarding potential manifests itself as an apparent
increase in ion energy.

Unlike the EQP results, the RFEA results show no increase of the ion energies
during the first 10 µs. This suggests that the estimated temporal resolution of the
EQP ( < 3 µs, section 4.5.2) might be an underestimation.

The last feature in figure 7.2.1 is the unexpected persistence of the H +
2 flux.

Due to the efficient conversion of H +
2 to H +

3 , H +
2 was expected to perish quickly

on a time scale related to the typical conversion time of 0.5 µs. Nevertheless, H2

is detected up to 50 µs into the afterglow. The IEDF is different in shape than
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Figure 7.2.2: RFEA measured time-resolved IEDF. The species mass is not resolved. The
flux is given in absolute values. From 10 µs onward a running averaging
filter is used with a span of 4 µs.

that of H+ and H +
3 , with a depleted low energy part and a higher mean energy of

about 5 eV.

In conclusion, the flux density decreases as expected, but the ion energies
remain elevated against expectations. RFEA measurements confirm that this is
not a characteristics of the EQP. Furthermore, the persistence of the H +

2 flux is
another unforeseen result. The following section briefly discusses the comparison
between the measurements and results from PIC simulations.
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7.2.1 Comparison to PIC simulations

In the previous chapter (section 6.2.2) it was shown that the PIC and diffusion
simulations successfully predict the ion flux density and the evolution over time.
The PIC model also calculates the energy distributions of the ions flux. In figure
7.2.3 the average ion energy is plotted versus time for the three hydrogen ions in
5 Pa H2 for the EUV pulse energy of 110 µJ. PIC simulations in the current model
are feasible up to 4 µs.
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Figure 7.2.3: The time-resolved average ion energies from the PIC model at 5 Pa H2 and
110 eV EUV pulse energy.

According to the simulations, the average ion energy rises during the EUV
pulse, after which the energy plummets below 1 eV within 4 µs. Furthermore,
after 2 µs the H +

2 flux density has decreased below the simulation accuracy and
therefore the average energy becomes zero. These results show what was initially
expected. However, the disagreement with the EQP measurements suggests that
some essential mechanisms have not been identified yet and are therefore not
included in the model.

Section 7.3 discusses the possibility that superelastic collisions of electrons
with vibrationally excited H2 increases the electron temperature, resulting in the
measured ion energies and production of H +

2 throughout the afterglow. It takes
a few EUV pulses to generate sufficient vibrationally excited hydrogen molecules.
Only one or two pulses are simulated in the PIC model. Therefore the results
might not be representative for the situation after many hundreds of pulses.
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7.3 Electron energy distribution function

In the previous section is was shown that the ion energies in during the afterglow
phase are higher than was anticipated. The electron temperature was expected
to be at room temperature with a fully thermalized, Maxwellian, electron energy
distribution function (EEDF). The reason being that the electrons lose their en-
ergy within 10 µs due to ionization, dissociation and excitation collisions with the
background gas (see section 2.3.3). The agreement between measurement of the
ion flux density decay and the diffusion simulations, that have Te as input for the
ambipolar diffusion, is another indication that Te is indeed low. Furthermore, in
previous work , the MCRS measurements on the electron density decay performed
by Van der Horst et al [7, 28, 38, 69, 114] also showed that Te is well below 0.1 eV
after 7 µs.

However, the current findings hint at a higher Te. Namely, the ion energies are
much higher than expected from Te at room temperature and the persistence of
the H +

2 flux suggests that electron impact ionization is an ongoing process, which
also requires a raised electron temperature.

In the following part, firstly it will be shown that the required Te for electron
impact production of H +

2 is about 2.5 eV. Thereafter, the possibility of the ex-
istence of an elevated Te is considered. In section 7.3.2 literature is reviewed for
the identification of the mechanisms that could possibly enhance Te. From there
on the coupling between the electron temperature and vibrational states in H2

is investigated. This requires a detailed analysis of the density of vibrationally
excited H2 (section 7.3.5). To conclude, the influence of superelastic collisions on
the EEDF and the IEDF are estimated (section 7.3.6).

7.3.1 Te from the persistence of the H +
2 flux

H +
2 is only created during and shortly after the EUV pulse by photoionization and

subsequent electron impact ionization. After that, H +
2 is converted to H +

3 within
a very short time by the proton hop reaction:

H +
2 + H2 H +

3 + H. (7.6)

The reaction rate of kconv =2.0× 10−15 cm3/s [115] in combination with the molec-
ular H2 density at 5 Pa of 1.21× 1021 cm−3 yields a typical conversion time of
0.5 µs. It was expected that the H +

2 flux would perish on this time scale. How-
ever, the H +

2 flux in the EQP measurements was significant for a far longer time,
even up to 50 µs (see figure 7.2.1).

This observation suggests that H +
2 keeps on being produced in the afterglow.

The most likely source of H +
2 is electron impact ionization. Electrons at room tem-
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perature are too low in energy for significant electron impact ionization, but the
elevated ion energies discussed in the previous sections (figure 7.2.1) suggest that
the electron temperature has not fully cooled to room temperature, but instead
remains at 1 to 2 eV, which could be sufficient to sustain a measurable density of
H +

2 . In the following section the required electron temperature for continued pro-
duction of H +

2 is estimated by comparing the destruction of H +
2 by the conversion

to H +
3 (eq. 7.6) with the production of H +

2 by electron impact ionization:

e + H2 H +
2 + 2 e. (7.7)

If only these two reactions are considered, the total production of H +
2 then can

be written as:
dnH +

2

dt
(Te) = keii(Te)nenH2

− kconvnH +
2
nH2

. (7.8)

The reaction rate for electron impact ionization keii, taken from Mendez et al
[116, 117], depends on the electron temperature. It is assumed that ne and nH +

2

are much smaller than the gas density, which is a valid approximation because the
ionization degree is smaller than 1× 10−5.

To find the relative equilibrium H +
2 density, the production in equation 7.8 is

set to zero. In the assumption of a quasi-neutrality plasma, the electron density
is equal to the total ion density, so that the relative H +

2 density is given by:

nH +
2

nsum

=
keii

kconv

. (7.9)

Figure 7.3.1 shows the ratio between the H +
2 density and the total ion density

as a function of the electron temperature, calculated using eq. 7.9. The ratio is
shown over eight orders of magnitude, which is larger than the dynamic range of
the EQP. The line represents the calculations with equation 7.9. For the circles
the full set of equations from the global model of Mendez et al [117] was used,
that further includes asymmetric charge transfer, electron impact dissociation of
H +

3 to H +
2 , and electron impact dissociation of H +

2 . Inclusion of these reactions
does not significantly alter the outcome between Te = 1 and 5 eV.

It must be noted that the reaction rates in the model have been determined ex-
perimentally in a plasma that showed high rotational temperatures (600 to 1500 K)
and vibrational temperatures (3000 to 8000 K) that could significantly influence
the reaction rates [116]. Furthermore, the experimental random error was esti-
mated by the authors to be about ±25 %.

Below 1 eV the relative H +
2 density is negligible, but at 3 eV it reaches a

substantial 2 %. The experimental value is determined from the measured time-
resolved IEDFs in 5 Pa (figure 7.2.1). Unfortunately, the species-resolved fluence
cannot be determined from the EQP measurement due to the energy dependent
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Figure 7.3.1: Relative H +
2 density as function of electron temperature. The line repre-

sents the result from eq. 7.9. The circles represent the calculation using
the full model from [117].

transmission (section 4.3). Therefore, fluxes of different species should be com-
pared at a single energy.

Figure 7.3.2 shows the measured H +
2 IEDF divided by the cumulative IEDF of

H+, H +
2 and H +

3 at 1 µs, 5 µs, 10 µs and 20 µs. The EQP time resolution for H +
2 is

1.33 µs (section 4.5.2). The 1 µs curve therefore could contain H +
2 that was created

by photoionization and that has entered the EQP close to t = 0 when there was
not enough time for conversion to H +

3 . The 10 µs curve represents ions that have
entered the EQP after 8.7 µs, which is well beyond the H +

2 H +
3 conversion

time of 0.5 µs.

Due to the different shapes of the IEDFs of H +
2 and H +

3 , the relative H +
2 flux

depends on the ion energy and is in the range of 1× 10−3 to 4× 10−1. According
to figure 7.3.1, these ratios correspond to electron temperatures exceeding 2 eV,
which is even higher than expected from the measured ion energies.

7.3.2 Elevated Te in related plasmas

In search of a mechanism that could explain the (suggested) elevated electron tem-
perature, in this section a short literature review is conducted. Electron temper-
atures of a few eV have been observed in EUV-induced plasmas at other research
facilities. For example, Langmuir probe measurements have been performed in
EUV-induced hydrogen plasma by Dolgov et al at the PROTO 2 setup [20] (see
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Figure 7.3.2: The relative H +
2 flux for multiple times at 5 Pa.

table 1.2.1 for specifications of the setup). The results show a fast decrease of the
electron temperature in the first 2 µs, after which a stable regime is reached with
Te ' 1.5 eV. Comparison with the current results is not straightforward, because
a 50 V bias is applied to a nearby sample surface and the laser assisted discharge
EUV source has different characteristics. Electron temperatures between 1 and
2 eV were also found by Saber et al and Bartnik et al during the first few hundred
nanoseconds of an EUV-induced plasma in Ar, Ne, Kr and Xe [23, 118, 119] using
the Boltzmann plot technique (see table 1.2.1 for the setup). It is therefore not
the first time that such electron temperatures are found in EUV-induced plasmas.

A plasma that closely resembles the EUV-induced plasma is an afterglow
plasma, which is the decaying plasma that persists after the termination of sus-
taining electric fields. Afterglows have been used to study (H +

3 recombination)
reaction rates in hydrogen plasmas, often related to interstellar plasmas [44, 120–
122]. There are only a few studies devoted to ion and electron energy distributions
in afterglows in hydrogen [83, 113, 123].

The researchers from refs [83, 113, 123] have investigated ion fluxes in hydrogen
afterglows in a similar way as is done in this thesis. Ion fluxes were measured using
ion mass spectrometers (Balzers PPM 422 and Hiden EQP) in the afterglow of a
capacitively coupled (CCP) [83, 123] and inductively coupled (ICP) [113] plasma.
The temporal evolution of the IEDF closely resembles the current results. Figure
7.3.3 shows the time-resolved IEDF of H +

3 in the afterglow of a pulsed ICP plasma
in hydrogen (reproduced with permission from [113]). During the powered phase
the mean ion energy is around 13 eV. The ICP was switched of at 5 ms after
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Figure 7.3.3: Time-resolved ion flux in the afterglow of a pulsed hydrogen ICP, fpulsing =
100 Hz, duty cycle 50 %, P = 300 W and p = 5 Pa. The logarithmic scale
indicates the intensity of the ion flux.
Reproduced from [113] with permission of IOP Publishing.

which the afterglow phase starts. Again, a mean ion energy of 2 eV was found,
that persists for hundreds of µs. These similarities indicate that the ion energy is
not a result of the plasma generation mechanism.

The authors contribute the elevated ion energies to a high energy tail in the
electron energy distribution that arises from electron heating through super-elastic
collisions with vibrationally excited hydrogen molecules, which are produced abun-
dantly during the plasma-on-phase of the 300 W ICP.

Compared to hydrogen, the research on afterglows in noble gases (He, Ar, Kr
or Xe) has been much more extensive [124–126]. Here, a similar effect occurs
as described above. Long living metastables are created in the plasma-on phase,
that possess substantial energy [125]. These states can create fast electrons by
superelastic collisions with slow electrons and by Penning ionization. The energies
involved with these metastable states are much higher (a few eV to tens of eV) than
that of the vibrational hydrogen states. Nevertheless, the mechanisms shaping the
electron energy distribution are similar.

An electron energy distribution with a thermal region at room temperature
combined with a high energy tail could explain most of the current results. Am-
bipolar flow is governed by the thermal region, which determines the ion flux
densities, while the energetic tail defines the plasma potential and therefore the
ion energy [127]. In the following section the possibility of an energetic tail in the
electron energy is explored for the EUV-induced plasma in hydrogen.
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7.3.3 Fast electrons from photoionization

Fast electrons are initially created by photoionization during the EUV pulse (see
eq. 2.2-2.4). To maintain their influence over multiple tens of µs, their energy loss
time should be in that order of magnitude as well.

The theoretical cooling of the electron energy by inelastic collisions was dis-
cussed in section 2.3.3. In figure 2.3.4 is was shown that the energy loss is fast
when the electron energy is above the dissociation energy threshold, due to the
large energy losses involved in dissociation and ionization. The energy loss rate
decreases as the electron energy goes down, but at 1 eV, the energy loss time is still
only 1 µs. Therefore, the lifetime of fast electrons from photoionization is much
shorter than the time over which the ion energy is sustain. Hence, other sources of
fast electrons should be considered. In H2 afterglow plasmas such sources could be
superelastic collisions or negative ion neutralization. Negative ions have not been
detected with the EQP. It is therefore expected that their density is low and their
influence on the EEDF is likely to be minor. The next section therefore focuses
on superelastic collisions.

7.3.4 Superelastic collisions

Superelastic collision between vibrational excited H2 and electrons could play a
significant role in the structuring of the electron energy distribution function [113,
128, 129]. Energy is exchanged between vibrationally excited H2 and electrons,
denoted as:

H2(v” j) + e(ε) H2(v” j − 1) + e(ε+ ∆ε). (7.10)

The double primes, v”, denotes excited vibrational levels of the electronic
ground state. The energy exchange ∆ε equals the vibrational energy quantum
of 0.516 eV [130].

To estimate the effect of this process on the EEDF, the H2(v”≥ 1) density is
needed, which is estimated in the following section.

7.3.5 The H2(v”≥1) density

The vibrational excitation of hydrogen in plasmas has been studied extensively,
mainly for the development of H– sources [131–134]. Further on in this section,
the sources of H2(v”≥ 1) will be evaluated, but it will first be shown that the
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vibrational states are long lived and that therefore their density can increase over
the course of many EUV pulses.

Vibrational energy is lost in vibrational-translational (VT) relaxation and wall
de-excitation. In the former, vibrational energy is transfered to translational en-
ergy in molecule-molecule collisions:

H2(v”) + H2 H2(v”± 1) + H2. (7.11)

At low gas temperatures (T <1000 K), such is the case for the gas in the plasma un-
der investigation, excitation is negligible and therefore molecule-molecule collisions
can be considered a pure loss mechanism (v”→v”-1) [135]. The VT relaxation rate

coefficient is kVT = 10−22 m3/s for v” 1 at a gas temperature of T = 300 K[136].
In combination with the gas density at 5 Pa of 1.2× 1021 m−3, the lifetime in the
volume is in the order of seconds. The loss due to VT relaxation SVT is given by:

SVT = kVTnH2(v” 1)
nH2

. (7.12)

The loss due to wall de-excitation can be estimated by considering the diffu-
sion of H2(v”) to the wall. v” 1,2 survives in 7 to 14 wall collisions [135]. The
characteristic diffusion time for wall losses is given by:

τWL = b× Λ2

Da

≈ 12− 25s. (7.13)

Here Λ =1.7× 10−2 m is the typical diffusion length in a cylindrical geometry (eq.
6.8). For the diffusion of vibrational excited states in a relaxed background gas
the self-diffusion coefficient of hydrogen is used Da =1.604× 10−4 m2/s [137]. b is
the average number of wall collisions per de-excitation event.

With a EUV pulse frequency of a few hundred Hz the lifetime is much longer
than the pulse length. The H2(v”≥ 1) density will therefore reach a steady state,
with only a slight modulation due to the EUV pulses. To estimate the steady state
H2(v”) density, in the following paragraphs the following sources of H2(v”≥ 1) will
be discussed:

1. Electron impact excitation (EIE)

2. Surface recombination and dissociation of H +
2 and H +

3 ions (ISRD)

3. Surface association of atomic H (SAH)

1. Electron impact excitation
During plasma generation, electrons lose most of their energy in ionizing and elec-
tronic excitation collision. When the electron energy drops below the threshold
for these processes, the remaining electron energy will be lost in other collision
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events. As shown in figure 2.3.1 these collisions can be elastic but also excite ro-
tational and vibrational levels in the gas molecules. Due to the difference in mass,
the energy transfer in elastic collisions with H2 will be very limited (∼ εme/Mi),
leaving rovibrational excitation as the main energy dissipation path.

We will now consider rotational excitations from the ground state (J=0→2
and J=1→3) and the first vibrational excitation (v=0→1). The ratio between
the cross sections is quite constant between 1 and 10 eV. Excitation collisions in
these energy range are 78 % rotational and 22 % vibrational. The electron energy
losses are 0.044 eV and 0.516 eV, respectively. The average energy loss is therefore
0.412 eV.

The electron production due to photoionization by a single EUV pulse is
ne =4× 1015 m−3 (section 2.2). The density is enhanced tenfold by out-of-band
radiation. The electron energy lost to rovibration states is now taken as all energy
below the ionization energy of hydrogen of roughly 15 eV.

With the average energy loss of 0.412 eV in each rovibrational excitation, the
15 eV electron energy will be dissipated in 37 collisions. 29 of these are rotational
excitation and 8 are vibrational excitation.

The maximum density of vibrational states created in the EUV beam during a
pulse is therefore 8×ne. The volume averaged density is calculated by multiplying
the electron density in the EUV beam with the beam volume divided by the
cylinder volume:

< =

(
rbeam

rcylinder

)2

= 1.6× 10−3. (7.14)

At the EUV pulse frequency f of 500 Hz, the H2(v”) source term due to electron
impact excitation is given by:

SEIE = 8×<nef = 8× n̄ef = 2.5× 1017 m−3s−1. (7.15)

2. Surface recombination and dissociation of H +
2 and H +

3 ions
Upon collision with the wall, H +

2 can either dissociate into two atomic H, or survive
as H2(v”). The survival rate lies between 0.71 and 0.56 for impact energies of 1
to 4 eV. H +

2 (1 eV) impact on metal creates a 0.2 fraction ground state H2 and 0.8

vibrational excited H2 [132]. About 0.11 is in the v” 1 state. At 4 eV the wall
recombination favors vibrational excitation even more and only 0.075 ends in the
ground state.

Upon wall impact, H +
3 is neutralized by electron capture to ground state H3,

that dissociates spontaneously according to:

H3(2p2A1) H + H2(v”). (7.16)
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The fraction of dissociation to v”≥ 1 is approximately 0.9. At 6 eV impact
energy, the most favorable resulting state is H2(v” 2) [132]. The resulting distri-
bution of vibrational states is very broad, with excitations up to v”=14.

Recombination of ions at the wall provides a source for H2(v”) that is linear in
the plasma density. In this cautious estimation we take the survival rate of H +

2 as
the population fraction of v”≥ 1 after ion wall impact. The source term due to
ion surface recombination and dissociation (ISRD) is equal to the product of the
population fraction, the total ion production and the EUV source frequency:

SISRD > 0.56× n̄ef = 1.8× 1016 m−3s−1. (7.17)

Here, the total ion density is taken equal to the electron density, and the
fraction of H+ in the ion flux is neglected. The error induced is more than com-
pensated by the underestimation of the v”≥ 1 population fraction due to H +

3 wall
dissociation.

3. Surface association of atomic H
The most probable loss term for atomic H is surface association to H2 (SAH):

H + H + wall H2(v”,j) + wall. (7.18)

Volume recombination is negligible at our gas pressures because this involves a
three-body process [138].

At low surface temperatures the association occurs according to the Eley-Rideal
mechanism [139], where atoms from the volume directly collide with pre-adsorbed
atoms at the surface. The released H2 molecules are rovibrational excited [131,
139, 140]. The excitation level depends on the surface material and temperature

and can be up to v” 9 [133, 139]. About 90 % is excited to v”≥ 1 states.

The creation of vibrational excited H2 by surface association is directly re-
lated to the atomic H production in the experimental volume. Due to the ab-
sence of other loss mechanisms, almost all atoms associate on the surface, creating
v”≥ 1 states in 90 % of the cases. Atomic H is created by photoionization and
electron impact ionization to H+ and H (eq. 2.3 and 2.17), photodissociation,
surface dissociation of H +

2 , conversion of H +
2 to H +

3 (eq. 2.23) and dissociation
following the surface neutralization of H +

3 (eq. 7.16).

The dominant ion in the plasma is H +
3 . Atomic H is produced in both creation

and destruction of H +
3 . For the sake of simplicity, the ion density is assumed

to consist of only H +
3 , which might be an overestimation of 10 % (section 7.1).

Photodissociation is neglected because its contribution cannot be estimated due
to the limited knowledge about the radiant spectrum below hν = 20 eV. The
atomic H production in one EUV pulse is therefore roughly 2 × n̄e. Two H are
required in an association reaction, giving the volume source term for production
of H2(v”≥ 1) by wall association of H:
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SSAH = 0.9× 1

2
× 2× n̄ef = 3× 1016 m−3s−1. (7.19)

The magnitude of the sources of H2(v”≥ 1) are summarized in table 7.3.1. With
84 %, electron impact excitation is the largest contributor. The surface creation
mechanisms contribute for another 16 %. However, the calculations of the surface
mechanisms were based on the ion density from photoionization, neglecting ion
and radical production by electron impact ionization that were shown to enhance
the plasma density by over a factor 2 (section 6.4.1). Therefore, the actual source
terms can be twice as large.

Table 7.3.1: Summary of sources of H2(v”≥ 1)

Source Magnitude (m−3s−1) Contribution

SEIE 2.5× 1017 84 %

SISRD 1.8× 1016 6 %

SSAH 3.0× 1016 10 %

Ssum 3.0× 1017 100 %

The H2(v”≥1) density

In the following part the minimum density of vibrational states (H2(v”≥ 1) ) is
estimated. The estimation is simplified by assuming that all excitations from the
ground state end up in the first vibrational state (v”=0→1). This assumption
is expected to be reasonable for electron impact excitation, but is very likely an
oversimplification for the other processes, because excitation to high vibrational
states is more likely in surface processes.

Using this simplification, the production of H2(v” 1) can be written as:

dnH2(v”≥ 1)

dt
= SEIE + SISRD + SSAH − SVT − SSEL + SSES. (7.20)

The loss SSEL and production SSES due to superelastic collisions (eq. 7.10) are
in balance and therefore do not influence the vibrational density. Setting eq. 7.20
equal to zero yields the steady state density of H2(v” 1) :

n
H2(v” 1)

=
SEIE + SISRD + SSAH

kVTnH2

≈ 2.5× 1018 m−3 = 2× 10−3nH2
. (7.21)

A few processes have been neglected that could enhance the H2(v”≥ 1) den-
sity. For example, the contribution of direct excitation by (infrared) photons is
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unknown, because very little is known about the source spectrum at these large
wavelengths. The actual density could therefore be much higher. Furthermore,
the energy that is stored in vibrational states is greatly underestimated because of
the assumption that all vibrational states are v” 1 , while it is known that these
processes can populate much higher states.

7.3.6 Influence of superelastic collisions on the EEDF

The effect of superelastic collisions on the EEDF is estimated following the ap-
proach by D’Ammando et al [129]. D’Ammando obtained good agreement between
this simplified model and numerical solutions of the full electron Boltzmann equa-
tions in low temperature discharges and afterglows.

Using eq. 7.10, the source for electrons with energy ε+ ∆ε can be written as:

dne(ε+ ∆ε)

dt
= nH2(v”)ne(ε)v(ε)σ∗(ε)−nH2

ne(ε+∆ε)v(ε+∆ε)σ0(ε+∆ε). (7.22)

The following definitions are substituted: the excitation fraction:

c∗ =
nH2(v”)

nH2

, (7.23)

the electron energy probability function (EEPF):

f(ε) =
ne(ε)

ne
√
ε
, (7.24)

and the ratio between the electron velocities at energies ε and ε+ ∆ε:

v(ε)

v(ε+ ∆ε)
=

√
ε

ε+ ∆ε
. (7.25)

The cross sections for excitation and de-excitation are obtained by detailed
balancing [128]:

σ∗(ε)

σ0(ε+ ∆ε)
=
ε+ ∆ε

ε
. (7.26)

Because vibrational states are considered, no degeneracies have to be taken into
account [128]. The steady state density is obtained by setting dne(ε)/dt = 0 in
eq. 7.22. The relation between the EEPF at energy ε and ε+ ∆ε then becomes:

f(ε+ ∆ε)

f(ε)
= c∗. (7.27)

155



Chapter 7: Energy- and species-resolved ion fluxes in EUV-induced hydrogen plasma

0 0.5 1 1.5 2

Electron energy (eV)

10
-10

10
-8

10
-6

10
-4

10
-2

10
0

E
E

P
F

 (
eV

-3
/2

)

Maxwellian EEPF T
e
=300 K

EEPF with superelastic collisions

Distribution with T
e
=90 meV

Figure 7.3.4: Estimation of the EEPF using eq. 7.28 compared to a full Maxwellian
distribution at Te =300 K.

Setting ε = kE∗ to obtain the magnitude of the EEDF at multiples of the
vibrational energies, eq. 7.27 becomes

f(kE∗) =
(
c∗
)k
, (7.28)

where f(0) = 1 is the magnitude of the EEPF at ε ∼ 0 eV.

The resulting idealized EEPF can be constructed using a geometric method
which starts with the Maxwellian EEPF (dashed line in figure 7.3.4). The first
(k = 1) superelastic process creates a source of electrons at 0.516 eV. Due to
smoothing by elastic collisions, a plateau is formed in the Maxwellian EEPF. This
plateau can be approximated with a horizontal line parallel to the energy axis. The
f(ε) magnitude of the plateau is calculated with eq. 7.28. Higher order plateaus
can be calculated in a similar way. The resulting EEPF is shown as the solid
line in figure 7.3.4. The contribution of elastic collisions could be regarded as a
second population with an electron temperature of 90 meV (∼three times room
temperature).

In reality the temperature of the second population might be significantly
higher due to the population of higher vibrational modes than v” 1 . If this
exercise is repeated assuming that all states are v” 6 at a ten times higher den-
sity, the resulting temperature of the second population is 0.8 eV.

The ion energy distribution function is directly related to the plasma-wall po-
tential, because the ions gain their energy by acceleration in the sheath. To esti-
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mate the influence of the energetic electrons on the plasma potential, the flux of
fast electrons out of the plasma volume should be compared to the ion flux. In a
quasi-neutral plasma, the ion flux and electron flux are balanced. In section 2.5
it was explained that an electric field is established between the plasma and the
wall that reflects electrons back into the plasma, while simultaneously accelerates
the ions towards the wall. Basically, electrons with energies below the plasma
potential are trapped while the electrons with higher energies can escape to the
wall.

In order for the fast electrons to affect the plasma potential, the flux of fast
electrons out of the plasma should become larger than the ion flux (Γef > Γi) [127].
When this happens, the plasma potential increases abruptly to contain some of
the fast electrons and balance the fluxes of ions and electrons.

The maximum flux of fast electrons can be estimated by assuming that all the
fast electron that are created end up at the wall. Therefore, the volume production
(the first term in the right hand side of eq. 7.22) is divided by the wall area to
estimate the maximum fast electron flux:

Γef <
n

H2(v” 1)
nev(ε)σ∗(ε)Vbeam

Ageometry

= 7× 1013 m−2s−1. (7.29)

In section 7.3.5 it was shown that n
H2(v” 1)

= 2.5× 1018 m−3. To investigate

the maximum flux, the peak electron density ne = 1× 1016 m−3 is used, that was
obtained by Van der Horst in EUV-induced plasma in 10 Pa H2 [28, 38]. The
thermal velocity of electrons at room temperature is v(ε) = 1× 105 m/s, and σ∗

is in the order of 10−21 m2 (see figure 2.3.1).

The calculated fast electron flux is an order of magnitude smaller than the
measured ion flux. See for example figure 6.4.1, where the ion fluxes are well over
1015 m−2s−1 up to 200 µs for a hydrogen gas pressure of 5 Pa. At first sight it must
be concluded that the effect on the plasma potential will be limited.

However, there are a number of simplifications on the basis of this exercise
that could have led to an underestimation of the fast electron flux. Firstly, in eq.
7.29, electrons were assumed to have a single energy of 25 eV instead of a proper
energy distribution. Moreover, the work by Van der Horst et al suggests that the
electron temperature is actually 50 to 100 meV, which would already raise the fast
electron flux by a factor one or two. Secondly, the density of vibrational states
estimated in section 7.3.5 was a minimum density. Electron impact ionization was
neglected in the calculation of the source terms due to ion surface recombination
and surface association of atomic H. Furthermore, it was not possible to assess the
enhancement of the vibrational density by out-of-band radiation, due to a lack of
knowledge of the spectrum in the infrared range. These factors could bring the
fast electron flux close to the ion flux and it is therefore not excluded that the fast
electrons do influence the plasma potential.
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Another phenomenon that has not been discussed here is the possible presence
of negative ions. The creation of H– by dissociative electron attachment is greatly
enhanced when the hydrogen molecule is vibrationally excited [140]. Upon neu-
tralization, the ejected electron gains 0.75 eV [141], which could provide another
source of relatively fast electrons. Only one quick attempt was done at measur-
ing negative ions which showed no H–. A more thorough investigation could be
valuable.

7.3.7 Summary

This section investigated if there are mechanisms that could increase the electron
temperature. The most likely candidate was energy transfer from vibrationally
excited hydrogen molecules to electrons in superelastic collisions. This required
the minimum steady state density of vibrational excited hydrogen to be estimated
and it was shown that electron impact ionization is probably the largest source.
Thereafter, the influence on the EEDF was estimated using a geometric technique
by D’Ammando. It was shown that superelastic collisions create a population of
electrons with a temperature up to 0.8 eV, which could be sufficient to explain
the measured ion energy distributions. It is not clear yet if the number of fast
electrons is large enough to impact the plasma potential.

The current results therefore ask for a more in depth investigation. The dis-
tribution of vibrational states could be investigated experimentally by for exam-
ple Raman spectroscopy [142, 143] or laser-induced fluorescence in the vacuum-
ultraviolet [140, 144]. Application of a Langmuir probe proved to be problematic
in the past [6, 61], therefore an alternative method should be applied to exper-
imentally determine the EEDF. Furthermore, if the ion flux could be measured
for single EUV pulses, it could be verified that excited neutral species influence
the plasma. The development to a steady state behavior over multiple (tens or
hundreds) of pulses then indicates that the steady state density of the excited
species takes time to develop. Of course, all the processes described here should
be incorporated in future modeling work.

7.4 The influence of the EUV pulse energy on the

IEDF

In chapter 6 it was shown that the ion flux density scales linearly with the pulse
energy. In this section the influence of the EUV pulse energy on the IEDF is
investigated. IEDF will be presented for pulse energies between 3 µJ and 259 µJ.
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The EUV pulse energy can be reduced using reduction plates, which is basically
a plate with holes that cut a certain part of the EUV beam. These plates are placed
shortly after the collector mirrors, where the beam diameter is very large. They
have been machined to high precision, resulting in a well defined transmission.

The plates have to be placed by hand. To access the collector vessel it has to
be vented. Afterwards, the vessel has be pumped down to its operating pressure.
This makes the placement of the plates very time consuming. As a result the
measurements in this campaign took place over a span of several days.

The EUV pulse energy is measured systematically in between ion flux measure-
ments using the calorimetric copper disk method described in chapter 3. Figure
7.4.1a shows the measured EUV power as function of the transmission of the used
reduction plates. The error bar represents the standard deviation of multiple
measurements.

In principle, the relation between the measured EUV pulse energy and the
transmission of the reduction plates should be linear. During the measurement
campaign, the settings on the source (gas flow, discharge voltage, frequency) have
been similar for each measurement. Nevertheless, small adjustments had to be
made to keep the source running stable due to wear of the source’s electrodes.
As a result the output of the EUV source changes slightly over the course of the
measurement campaign, which causes the spread in pulse energy seen in figure
7.4.1a. In figure 7.4.1b the EUV source pulse energy has been calculated from the
measured pulse energy and the transmission of the reduction plates. The source
pulse energy varies between 200 µJ and 300 µJ.

Figure 7.4.2 presents the time-averaged IEDFs for four EUV pulse energies be-
tween 3 µJ and 259 µJ. It is shown that the increase in EUV pulse energy has little
impact on the shape of the energy distributions in the range from 30 to 259 µJ.
The energy of maximum flux does not change, and the start of the energetic H+

tail is always between 7 to 8 eV. The average energy does seem to decrease slightly
using the lowest pulse energy of 3 eV.

The pulse energy dictates the photon fluence, without affecting the EUV spec-
trum. Therefore the plasma density increases with pulse energy, but the energy
distribution function of the electrons are not directly altered. Because the electron
energy distribution determines the plasma potential, also the ion energy distribu-
tion is not affected by a change in pulse energy.

However, a change is expected when the pulse energy becomes so low that the
potential well does not fully develop during the EUV pulse. In section 2.3.1 it was
determined that an initial ion density of 5.65× 1014 m−3 is required to establish
a 76 V potential well that contains the remainder of the fast electrons created by
photoionization. The minimum EUV pulse energy to obtain this density at a H2

gas pressure of 5 Pa is in the order of 10 µJ, which could explain the lower energy
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Figure 7.4.1: EUV pulse energies measured using the copper disk calorimetric method.
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Figure 7.4.2: IEDFs for EUV pulse energies of 3 to 259 µJ in 5 Pa H2
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using the pulse energy of 3 µJ.

7.5 The influence of pressure on the IEDF

This section investigates the influence of the hydrogen pressure on the IEDF.
Figure 7.5.1 presents the time-averaged IEDFs for the three hydrogen ions for five
different pressures in the range from 0.1 to 12 Pa for the EUV pulse energy of
121± 7 µJ.

The increase of the ion flux is apparent for low pressures, but starting from
5 Pa the flux seems to saturate. In section 6.4 it was shown that the ion flux
increases steeper than linear in this range. A possible explanation for the apparent
saturation is that the increased pressure also leads to a higher collisionality in the
sheath. The mean free path of ions in the H2 background gas drops from roughly
40 mm to 0.3 mm when the pressure is increased from 0.1 Pa to 12 Pa, which is in
the same order as the sheath thickness for electron temperatures from 1 to 10 eV
and plasma densities of 1× 1015 m−3 (section 4.3). Collisions within the sheath
increase the angular distribution of the ions that hit the surface. More ions fall
outside the acceptance cone if the EQP, and therefore the amount of ions that is
transmitted to the detector does not increase.

At this EUV pulse energy, below 2.5 Pa the initial ion density is not sufficient to
establish the 76 V potential well. Similar to what was discussed in section 7.4, the
resulting ion energy are slightly lower. Besides the saturation of the flux density,
also the IEDF seems to become unaffected by the gas pressure above 5 Pa.

Figure 7.5.2 presents the peak energy of H +
2 between 20 and 30 µs after the

EUV pulse. In this time window the IEDF has stabilized, which was shown in the
time-resolved IEDF in figure 7.2.1. The peak energy of H +

2 is used because it is
best defined among the hydrogen ions. The peak energy is determined by fitting
the time-resolved H +

2 IEDFs with a peak function, and subsequently, calculating
the average value during the 10 µs window. The error bars represent the standard
deviation. The increase in peak energy is apparent for pressures from 0.1 to 5 eV.
After that, it appears that the peak energy increases at a slower pace, if it was not
for the data point at 12 Pa. In any case, the increase is only minor in this energy
range.

7.6 Conclusions

In this section, the ion energy distribution functions in EUV-induced plasma in
hydrogen were investigated.
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Figure 7.5.1: EQP measured time-averaged IEDFs with EUV pulse energy of 121± 7 µJ
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Figure 7.5.2: Average peak energy between 20 and 30 µs for the EUV pulse energy of
121± 7 µJ.

H +
3 was shown to be the dominant ion due to the fast conversion of H +

2 to
H +

3 . The time-averaged IEDFs are broad distributions, with a sharp decrease
in flux just below 10 eV. However, the IEDF of H+ has an additional tail that
extends approximately 10 eV beyond the IEDFs of H +

2 and H +
3 . These H+ ions

most probably obtain this extra energy upon their creation via dissociating excited
H +*

2 ions.

Against expectations, the time-resolved measurements show that the ion en-
ergy does not decrease during the plasma decay. Furthermore, the flux of H +

2 re-
mains detectable until far in the afterglow, which suggests that electron impact
ionization is an ongoing process. Despite the good agreement between the exper-
imental results and the PIC simulations in the ion flux density (chapter 6), the
PIC simulations did not reproduce these ion energies and persisting H +

2 flux.

From these results it was deduced that the electron energy distribution is not
fully thermalized during the afterglow phase. The possibility that superelastic col-
lisions between vibrationally excited hydrogen molecules and electrons increase the
energy of a part of the electrons has been explored. It was shown that superelastic
collisions create a population of electrons with a temperature up to 0.8 eV, which
could be sufficient to explain the measured ion energy distributions, although a
more in depth investigation is still required.

Furthermore, the influence of the EUV pulse energy and gas pressure on the
IEDF was investigated. It was found that the pulse energy does not significantly
alters the IEDF as long as the photon flux is large enough to develop the potential
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well. Therefore, the ion energy was found to become slightly lower at the lowest
pulse energy, when the potential well does not fully develop. For the same reason,
lower ion energies were measured at pressures below 2.5 Pa for an EUV pulse
energy of 121 µJ. The pressure variation also showed that the EQP measured ion
flux seems to saturate at 5 Pa, which was attributed to a higher collisionality in
the sheath that increases the angular distribution of the impacting ions outside
the acceptance cone of the EQP.
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Chapter 8

Evolution of the IEDF in various
gases and gas mixtures

During the project the focus has been on plasmas in hydrogen. However, the ion
energy distribution functions (IEDF) in other gases have been explored as well.
This chapter will therefore present the IEDF measurements in helium, nitrogen
and argon. Some of these gases may be relevant for EUVL due to various reasons.
Small amounts of nitrogen, for instance, could under normal operation be present
in EUVL tools. With the eye on industrial relevance, energy distributions in a
mixture of hydrogen and nitrogen (0.2 %) are also investigated.

Figure 8.0.1 presents the total photoionization cross sections for the gases under
investigation. The cross sections for all are larger than for hydrogen. Therefore,
the plasma density and ion fluxes are expected to be larger for equal gas pressures
and EUV pulse energies.

In the following, both time averaged and time resolved IEDFs will be presented.
The time averaged results are important for the impact on plasma exposed sur-
faces, while the plasma dynamics can be better studied using the time resolved
results. First, in section 8.1, the results in the mono-atomic noble gases He and
Ar will be given, followed by the diatomic N2 gas in section 8.2. This distinction
is made because the plasma dynamics in mono-atomic gases is less complex due
to the absence of molecular rovibrational excitation. It will be shown that there
is very little difference in the IEDFs for the considered gases, which is quite un-
expected due to the differences in ionization energies and the number of possible
excitation processes. Therefore, in section 8.3 the electron cooling processes will
be investigated to explain the similarities between the different gases.
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Figure 8.0.1: Cross sections for total photoionization. The energy of the EUV photons
at 92 eV is illustrated by the dashed line. The data is taken from [16, 39]
for H2, [145] for He, [146] for N2 and [147] for Ar.

To conclude, in section 8.4, IEDFs in H2 with admixture of N2 are presented.
It will be shown that the reactive H +

3 ion is able to create a very rich chemistry
in the presence of other species, e.g. in this case N2.

8.1 IEDFs in mono-atomic gases

This section presents the ion energy distributions measured in the mono-atomic
noble gases He and Ar. Compared to hydrogen, the chemistry is far less complex
due to the absence of rotational and vibrational states.

Helium, like hydrogen, is a very light element, while argon is much heavier.
Therefore, the flight times in the EQP are therefore much larger for argon. Cor-
rection as described in section 4.5 is essential for comparing time resolved ion
fluxes.

8.1.1 IEDF in He

There are significant differences between He and H2 that could influence the IEDFs.
The ionization energy of He is with 24.6 eV [148] relatively high, compared to
15.4 eV for H2. As a result, there is less excess energy in photoionization events
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Figure 8.1.1: IEDFs in 5 Pa He.

that is transfered to the emitted electrons, resulting in a lower initial electron
energy. Consequently, electron impact ionization will contribute less to the overall
plasma density. First, because the electrons have less energy, and second, because
the energy loss in each ionization event is larger.

The time averaged and time resolved IEDFs from EUV-induced plasmas in
5 Pa He gas are shown in figure 8.1.1 for an EUV pulse energy of 120± 10 µJ.
Both singly charged He+ and doubly charged He2+ are detected. He2+ appears at
the mass-over-charge ratio of m/z = 2, which is the same as for H +

2 . To ensure
that it was not H +

2 that was detected, the composition of the gas mixture was
verified with the EQP, showing no detectable H2 to be present. Furthermore, no
H+ and H +

3 ions were detected, confirming that the signal at m/z = 2 is indeed
He2+

The IEDF is a bit broader than those in H2. Beyond 10 eV the ion flux drops
more gradually. The IEDF seems to have an onset of a tail to higher energies.
Looking at the time resolved measurements in figure 8.1.1b, the shape of the
IEDF seems to be unaltered during the plasma decay, which was seen before in
the time resolved IEDFs in hydrogen (figure 7.2.1). An exception is the region
below 2 eV which quickly becomes depleted.

The depletion of the sub 2 eV range has been witnessed on multiple occasions,
with poor reproducibility, and is attributed to the EQP. Detection of such low
energy ions is very sensitive to distortions in electric fields. For example, con-
tamination on the sample surface or inside the EQP could lead to minor charging
effects and resulting electric fields that can deflect low energy ions. A similar effect
was seen in section 4.6.1, where contamination of the EQP sample area led to a
loss of low energy ions. Therefore, the depletion of the sub 2 eV range is most
probably a measurement artifact.

The shape of the IEDF of He2+ is almost identical to that of He+, which
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Figure 8.1.2: Time averaged IEDFs in Ar

might be unexpected at first. Due to the double charge, the impact energy due to
acceleration by the plasma induced electric fields is twice that of the singly charged
species. However, also in the electric fields inside the EQP the doubly charged ions
experience double the electric force. They therefore require twice the kinetic energy
(80 eV) to pass the sector field energy filter. For example, a doubly charged ion
with initial energy of 30 eV needs to be accelerated by 80 eV − 30 eV = 50 eV to
pass the energy filter. This requires a potential of 25 V. The 25 V axis potential
is normally required to detect 40 eV− 25 eV = 15 eV singly charged ions, i.e. this
potential corresponds to an energy setting on the EQP of 15 eV. Therefore, the
EQP maps the double charged ions onto half of the actual impact energy.

Compared to the energy distributions in hydrogen, the IEDF in He shows very
little difference. The most notable agreement is that also in He the shape of the
IEDF remains constant during the flux decay, even though there cannot be any
electron heating via superelastic collisions with vibrational states. This remarkable
observation will be discussed more extensively in section 8.3.

8.1.2 IEDF in Ar

The time averaged IEDFs in argon are presented in figure 8.1.2. The ions that
are detected are Ar+ and Ar2+, which is a similar situation as in He. However,
the Ar2+ signal is high enough to also study the IEDF time resolved. Therefore,
figure 8.1.3 presents the time resolved IEDF in EUV-induced plasma in 5 Pa Ar
for both Ar+ and Ar2+

The time averaged IEDF look very similar to the ones in He, also spanning to
10 eV with a kind of tail to higher energies. The time resolved measurements show
that the decay of the flux is much slower. The IEDF is measurable for almost
300 µs, which is twice as long as in He. This is the result of the lower ion mobility,
that in turn reduces the ambipolar flow (see section 6.2.5). In addition, the plasma
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Figure 8.1.3: Time resolved IEDFs in 5 Pa Ar.

density is larger due to the larger photoionization cross section (figure 8.0.1) and
the lower ionization energy (15.8 eV) which in turn increases the contribution of
electron impact ionization to the total plasma density.

8.2 IEDFs in diatomic N2

The time averaged IEDFs in EUV-induced plasma in 5 Pa N2 are presented in
figure 8.2.1. Three ions are detected: N +

2 , N+ and N2+, although the flux of the
latter is barely measurable. The time resolved N+ and N +

2 IEDFs in EUV-induced
plasma in 5 Pa N2 gas are shown in figure 8.2.2.
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Figure 8.2.1: Time averaged IEDFs in N2 gas
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Figure 8.2.2: Time resolved IEDFs in 5 Pa N2 gas.

In this case there are significant differences between the IEDFs for ions with
the same parent molecule. The distribution of N +

2 is similar in characteristics as
most of the ions studied so far: broad until the cut-off energy at approximately
10 eV, but with a very flat plateau up to 8 eV. The N+ flux, on the other hand,
decreases roughly exponentially with energy. The origin of the difference between
N+ and N +

2 is expected to occur due to the difference in the creation mecha-
nisms of the different ions. Similar to hydrogen, the atomic ions are created via
(auto)dissociation of instable (excited) molecular ions. In hydrogen this led to
an additional kinetic energy for H+ of roughly 8 eV, that was responsible for the
energetic tail in the IEDF. The electron configuration in N2 is much more exten-
sive and complex due to the larger number of electrons within the molecule. As
a result, there are much more of these instable intermediate molecular ions [149]
which, upon dissociation, yield atomic ions with a broad energy spectrum.

8.3 Electron cooling

The time resolved IEDFs presented in this chapter show that the temporal evo-
lution is quite similar for all investigated species: the IEDF that is established
within a few microseconds does not significantly change throughout the plasma
decay. Originally it was thought that in H2 the ion energies should decrease
rapidly due to the cooling of the electron energy distribution. In chapter 7 it was
argued that in EUV-induced plasma in hydrogen a mechanism should exist that
supplies energy to the electrons in order to maintain a plasma potential of at least
0.5 eV. The suggested mechanism was coupling between the electron energies and
vibrational states in H2. However, such processes cannot occur in He and Ar due
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Table 8.3.1: Energy loss in inelastic electron-atom(molecule) collisions

Collision ∆εi (eV)
He [150] Ar [151] N2 [151]

Momentum exchange / ε a 1.4× 10−4 1.4× 10−5 2.0× 10−5

Rotational excitation quantum - - 0.02
Vibrational excitation quantum - - 0.29

Electronic excitation 19.82 (to triplet) 11.5b 13.0b

20.61 (to singlet)
Ionization 24.6 15.8 15.6
a

∆ε = ε
me
mi

b
Due to the large number of possible processes the cross section averaged value is used

to the absence of vibrational energy levels in atomic species. In N2 such processes
could be at play.

A possible explanation for the similar evolution of the IEDFs in EUV-induced
plasmas in He and Ar, compared to those in H2 plasma, is that the electron cooling
could be much slower in monoatomic gases, due to the absence of rotational and
vibrational excitation. Therefore, the electron energy loss mechanisms will now be
investigated in a way similar to that in section 2.3.3. The electron impact cross
sections are used to calculate the collision time τea,i (eq. 2.19). The energy loss
rate is defined as the energy loss ∆εi in each inelastic collision process divided
by τea,i. ∆εi is given in table 8.3.1 for He, Ar and N2, and in table 2.3.1 for H2.
Finally, the energy loss time is defined as the electron energy divided by the sum
of the loss rates:

τε,loss = ε
∑
i

(
∆εi
τea,i

)−1

= εv(ε)na

∑
i

(
∆εi
σea(ε)

)−1

. (8.1)

The resulting energy loss times ares shown in figure 8.3.1. Electrons are created
at an energy equal to the difference between the photon energy and the ionization
energy. In He, the initial energy is roughly 92 eV − 24.6 eV = 67.4 eV, while
in Ar and N2 it is little over 76 eV. The energy loss is initially very fast (<
0.1 µs) due to the large losses in ionization and electronic excitation. The loss time
increases significantly when the electron energy drops below the thresholds of these
processes. For He and Ar the only loss mechanism is the inefficient momentum
exchange, resulting in loss times above 100 µs. Also in N2 the loss time is very high
between the thresholds for vibrational excitation and ionization. In H2 the energy
loss times remains below 1 µs while the energy is above 1 eV, and only increases to
10 µs when the energy has decreased to 0.1 eV. Therefore, the important difference
is that the electron cooling in He, Ar and N2 is much slower than in H2. Hence,
coupling between excited gas species and the electron energy distribution is not
required to sustain the plasma potential over a few hundred microseconds.
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Figure 8.3.1: The relative energy loss times as calculated with equation 8.1.

8.4 IEDFs in H2–N2 mixture

Small amounts of nitrogen (∼ 0.2 %) might be present in EUVL scanners due to
technical reasons. This section investigates the influence of this admixture on the
species composition and on the IEDFs.

H2 and N2 are introduced in the vessel with partial pressures of 5 Pa and
0.01 Pa, respectively. The gas mixture is irradiated with EUV pulses of 114± 6 µJ.
The IEDFs of hydrogen and nitrogen containing ions are measured with the EQP.

Figure 8.4.1 presents the time averaged IEDFs of those ions detected (i.e.: H+,
H +

2 , H +
3 , N+, N +

2 , N2+, NH+, NH +
2 , NH +

3 and N2H
+). The graphs are split in

three, the first contains the pure hydrogen ions, the second pure nitrogen ions and
the third ions that consist of a combination of hydrogen and nitrogen.

The admixture of N2 has little effect on the time averaged IEDFs of the hydro-
gen ions. H +

3 is still the dominant ion and H+ still shows the energetic tail that
extends 10 eV beyond the energy of the bulk of the ions.

Although the partial pressure of N2 is only 0.01 Pa, still significant fluxes of
nitrogen ions are detected due to the photoionization cross section being approx-
imately 40 times larger than that for H2 (fig. 8.0.1). The shape of the IEDF is
also hardly affected.

Four mixed hydrogen-nitrogen ions were detected: NH +
2 , NH +

3 , NH+ and
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Figure 8.4.1: Time averaged IEDFs in a mixture of 5 Pa H2 and 0.01 Pa N2. The graphs
have been grouped by hydrogen ions, nitrogen ions and ions composed of
a combination of nitrogen and hydrogen.
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N2H
+. NH +

4 was not detected. N2H
+ is most abundant, with a flux that ex-

ceeds the fluxes of H+ and N +
2 . It is created in the proton transfer reaction that

was discussed in section 2.4.1:

H +
3 + N2 H2 + N2H

+. (8.2)

This exercise demonstrates that even very small admixtures of other gases to
the hydrogen background gas can lead to fluxes of mixed ions that exceed the flux
of the admixture ions. Furthermore, the energy distributions are not significantly
affected. Here it should be noted that even if the hydrogen ion fluxes do not
have any influence on the conditions of the exposed surface due to the low mass
of the impacting ions, the presence of admixtures generates fluxes of heavier ions
impacting with similar energies but much larger momenta.

8.5 Conclusions

In this section, IEDFs were investigated in He, Ar and N2. Both time averaged
and time resolved measurements were presented. The time averaged results show
that doubly charged ions are present in He, Ar and N2.

Energy distributions are in many cases comparable: broad with a maximum
energy of about 10 eV. Only in N+ a significantly different shape of the IEDF was
found, which was attributed to the production processes of N+, comparable to the
previously demonstrated creation of the H+ energetic tail. Besides the similarities
in the shape of the IEDF, also the temporal behavior is similar: the shape does not
significantly change during the plasma decay. In H2 this has been attributed to a
coupling between vibrational states and the electron energy distribution. However,
in the atomic gases, the electron cooling is much slower due to the absence of
rovibrational excitations. Also in N2 the cooling is slower than in H2 due to the
narrow energy band in which rovibrational excitation plays a role.

To conclude, it was shown that even a very small admixture of N2 to H2

significantly impacts the composition of the ion flux. A rich chemistry is created
that produces hydrogen and nitrogen containing ions, of which N2H

+ is most
abundant.
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Chapter 9

Conclusions

The research topic of this thesis is plasma induced by Extreme-Ultraviolet (EUV)
radiation, with a focus on plasma generated in EUV lithography (EUVL). In
the introduction it was stated that there was a gap between, on the one hand,
studies focused just on the EUV-induced plasma, and on the other hand, studies
of changes in surface conditions of materials applied in EUVL. In the current work,
this gap was bridged by studying the ion fluxes towards surfaces in contact with
EUV-induced plasmas. The goal of the presented work was to:

Experimentally characterize and understand the ion fluxes generated
by EUV-induced plasmas.

In this chapter, the general conclusions are presented. The results are divided
in three parts: section 9.1 discusses the developments in ion flux diagnostics that
were presented in part II, and section 9.2 contains the results from the study of
EUV-induced plasma using these diagnostics, presented in part III. In section 9.3
a summary is given of results especially relevant for the study of the lifetime of
optics in EUV lithography.

9.1 Developments in ion flux diagnostics

The ion fluxes have been characterized by two devices. The ion flux densities have
been measured with the Retarding Field Energy Analyzer (RFEA), and the ion en-
ergy distribution functions have been measured with the Electrostatic Quadrupole
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Plasma analyzer (EQP). To be able to apply these devices in the low-density, but
highly transient plasma under investigation here, in chapters 4 and 5, the ion tra-
jectories inside the devices have been investigated. The conclusions from these
chapters are as follows.

The EQP transfer function that describes the translation of the ion
flux to the measured signal makes it impossible to absolutely calibrate
the EQP. The ion flux that is incident on the sample surface is sampled with an
ion energy dependent acceptance angle. Using the transfer function it is possible to
predict the measurement signal of a known influx, which enables the comparison
between experimental data with results from numerical models. However, the
information about the angular distribution of the influx is lost in the measurement.
It is therefore not possible to fully reconstruct the distributions of the impacting
ions from the measurement results.

A correct choice of EQP electrode settings ensures that the accep-
tance angle is a smooth function of ion energy. By systematically simu-
lating the ion trajectories inside the EQP it was shown that anomalous trajectories
can be prevented by the use of proper electrode settings. Furthermore, smooth
acceptance angle curves can only be obtained in a very limited range of EQP elec-
trode potentials. For the electrodes extractor and lens1 settings within this range,
the measured IEDFs behave as is expected from the calculated acceptance angles.

The time resolution of the EQP is determined by the bandwidth
of the energy filter. The ion time of flight inside the EQP was calculated
and simulated as function of ion mass and energy. The energy bandwidth that is
determined by the energy filter is conserved, even when the ions traverse the mass
filter at a much lower energy. This causes a dispersion in the ion flight time that
determines the temporal resolution, which is 1.7 µs for the lightest ion H+, and
increases with mass to 3 µs for H +

3 and 11 µs for Ar+.

The RFEA can be used for ion flux density measurements if the
alignment of the grids is known. The ongoing discussion about the trans-
mission of the RFEA was resolved in chapter 5 by simulating the ion trajectories
through a stack of grids. It was shown that the effective transmission is close to
the optical transmission over a wide ion energy range if there is sufficient ran-
domization in the grid placement. Consequently, the functionality of the RFEA is
doubled because it is now possible to simultaneously measure the ion flux density
and the ion energy distribution function, for which the RFEA is already deployed
in many applications.
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9.2 Study of ion fluxes in EUV-induced plasma

In chapters 6, 7 and 8, the ion fluxes to surfaces exposed to EUV-induced plasma
were investigated using the RFEA and EQP. The focus was on H2 in the first
chapters, because H2 is an important background gas in EUV lithography. In
the last chapter, also IEDFs in He, Ar, N2 and in a mixture of H2 and N2 were
investigated. The most important conclusions from these chapters are as follows.

In an EUV-induced hydrogen plasma, the ion flux consists of H+,
H +

2 and H +
3 . The composition of the ion flux was measured with the EQP.

H+ and H +
2 are created by photoionization and electron impact ionization. Subse-

quently, H +
2 is converted to H +

3 in the proton hop reaction H +
2 + H2 H +

3 + H,
with a typical reaction time of 0.5 µs.

The IEDF of H+ has a high energy tail. For the first time in literature,
an energetic tail in the energy distribution of H+ was measured in a plasma. A
part of the H+ ions are created with kinetic energies of about 10 eV in dissociative
photoionization and electron impact ionization. On top of this energy distribution,
the ions also gain energy when they traverse the plasma-induced space charge,
which results in an energetic tail that extends roughly 10 eV beyond the maximum
energy of H +

2 and H +
3 . The energy threshold for excitation prior to dissociation is

much larger than the ionization energy. Electrons at such high energies are scarce
in plasmas driven by electric fields, which is why this energetic tail is not present
in such plasmas. The currently presented H+ IEDF is therefore unique to plasma
generated by energetic particles.

The pressure dependence of the ion fluence can be described by
a Beer-Lambert model of electron absorption in the background gas.
In chapter 6 a model was developed to describe the pressure dependence of the
ion fluence, using the Beer-Lambert law to describe the absorption of energetic
electrons in the background gas. The model can be fitted to the data using only
two fitting parameters, α and `. The first parameter accounts for the ion density
created by photoionization of the background gas, while the second depends on the
dimensions of the experimental geometry. The model shows that, in the current
geometry, the plasma density is a linear function of the pressure at low pressure
(< 1 Pa), where the contribution of electron impact ionization to the total plasma
density is negligible, and at high pressure (> 30 Pa), where the contribution of
electron impact ionization is 1.3 times higher than that of photoionization. The
pressure range in the experiments lies in the intermediate pressure range, where the
dependence of the plasma density on the pressures transits from the low-pressure
rate to the high-pressure rate.

The ion flux density decay can be described by ambipolar diffusion
using low-temperature electrons. The ion flux density curves presented in
chapter 6 show that during the exponential decay phase, the decay is dictated by
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ambipolar diffusion. A good agreement was found between the ion flux densities
simulated with the PIC and diffusion models and the measurement data from 2 µs
up to 700 µs, where RFEA measurements were possible. The decay rate does not
depend on the EUV pulse energy, but does decrease with increasing pressure due
to the reduced mobility of the ions.

The IEDF remains elevated throughout the plasma decay. In con-
trast to ion flux density, the evolution of the IEDF cannot be described by a
room-temperature thermal electron energy distribution, which suggests that the
EEDF contains a portion of higher energy electrons. This is further supported by
the persistence of the H +

2 flux, which indicates that electron impact ionization is
an ongoing process. However, in hydrogen the electrons quickly lose their energy in
rovibrational excitation collisions with the background gas. A mechanism is there-
fore required that increases the electron energy. The most probable candidate is
energy coupling between electrons and vibrationally excited hydrogen molecules
via superelastic collisions. In the other gases investigated in this thesis, He, Ar
and N2, the cooling time of the electrons is much larger due to the absence of
excitation processes below the ionization threshold, and therefore such a heating
mechanism is not determining.

9.3 Implications for optics lifetime studies in EUV

lithography

This section discusses the relevant results for optics lifetime studies in EUV lithog-
raphy. These conclusions might deserve an exclamation mark, because some of the
ion flux characteristics differ quite drastically from what is used, or assumed, in
current optics lifetime studies. In these studies on, for example, the delamination
(blister formation) of multilayer (mirror) structures in EUVL relevant conditions
[32–35, 152], other ion sources are used as a proxy for EUV-induced plasma. The
conclusions are as follows.

H +
3 is the dominant ion in EUV-induced plasma. In chapter 7 it was

shown that H +
3 is the dominant ion in EUV hydrogen plasma due to the fast con-

version of H +
2 to H +

3 (H +
2 + H2 H +

3 + H). The aforementioned experimental
blistering studies used either thermal gas crackers [34, 152] or an ion gun [35] that
both produce mainly H +

2 ions. This difference should be taken into consideration,
because the larger size and reactivity of H +

3 over H+ and H +
2 could favor surface

reactions over penetration and diffusion into the exposed materials.

The impact energy of hydrogen ions is limited to 20 eV. The IEDF
measurements in hydrogen showed that under the current experimental condition,
the energetic tail of H+ stays below 20 eV, while the maximum impact energies of
H +

2 and H +
3 are even 10 eV lower. The physical sputtering thresholds of hydrogen
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ions on ruthenium are well above 50 eV [110]. The impact of hydrogen ions does
therefore not pose a risk of sputtering of the capping layers of multilayer mirrors.

In studies of blister formation in multilayer structures, proxies for EUV-induced
plasmas have been used, as previously described. The ion impact energies in these
experiments start off at 50 eV [35], and extend to well over 800 eV [32, 34, 152].
The exception is a study by Kuznetsov, in which D +

3 ions were used with energies
starting at 15 eV, in which already significant damage was observed to thin silicon
layers due to chemical erosion [33]. These high energy ions are not present in
the conditions described in this thesis, where no bias was applied to the surface.
Therefore the validity of the used ion sources as a proxy for EUV-induced plasmas
strongly depends on the targeted experimental conditions. For now, these blister
studies have been limited to equivalence studies at biased surfaces, where the ion
impact energies are much higher.

Admixtures or contamination can lead to mixed hydrogen ions with
similar IEDFs. It was shown in chapter 8 that admixture of gases with partial
pressures of only 0.2 % of the hydrogen pressure can lead to fluxes of mixed ions
with flux densities comparable to that of the hydrogen ions with similar IEDFs.
Such ions have much more momentum when they impact with the same energy,
and therefore increase the chance of impact induced damage. Especially the carbon
etching yield is increased significantly by a combination of irradiation with heavier
ions and a hydrogen environment [153, 154].

The developments of the ion flux diagnostics has made them ap-
plicable to EUVL. The RFEA can now be used simultaneously for in-situ
measurements of ion flux densities and ion energy distributions. Although the
RFEA does not provide any mass resolution, it is now known from measurements
with the EQP that the majority of the ion flux is composed of H +

3 .

9.4 Outlook

This section makes some recommendations for future research to further improve
the understanding of EUV-induced plasma.

Verification of the vibrational hydrogen density. In chapter 7 it was
proposed that superelastic collisions between electrons and vibrationally excited
hydrogen molecules could enhance the electron energy. The density of vibrationally
excited hydrogen was estimated to be larger than 2× 10−3 times the ground state
hydrogen density. This hypothesis still needs to be verified experimentally, for
example by Raman scattering.

High EUV source repetition rate experiments. One key difference
between the conditions in EUV lithography and the experiments described in this
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thesis is the repetition rate of the EUV source. In EUVL, the laser produced
plasma (LPP) light sources operate at 50 kHz, while the experimental discharge
produced plasma (DPP) light source has a pulse frequency of only 500 Hz. The
pulse time is therefore only 20 µs in EUVL, compared to 2 ms in the experiments.
One of the consequences is that, possibly, a steady background plasma is formed
because the plasma decay time is much longer than the EUV pulse time. The effect
on the ion fluxes is difficult to predict. One the one hand, the background plasma
will have a low electron temperature, and therefore the impact energy of the ions
could be reduced if a sheath is formed as was described in section 2.5. On the
other hand, the energetic part of the EEDF could be enhanced due to the higher
frequency at which energetic electrons are produced and a larger contribution of
superelastic collisions due to higher densities of vibrationally excited hydrogen
molecules. Therefore, a detailed balance between these effects in a numerical
model in combination with experimental verifications are required.

Ion energy distributions towards surfaces not directly exposed by
EUV. In the EUVL tool there are surfaces that are close to the EUV beam, but
are not directly exposed to EUV. These surfaces still interact with EUV-induced
plasma, but the absence of EUV irradiated surfaces can significantly affect the
ion energy distribution, for example, due to the absence of low energy secondary
electrons emitted by surfaces under EUV exposure. Test measurements have shown
H +

2 and H +
3 energies extending beyond 20 eV, which makes this an interesting case

fur further exploration.

9.5 Summary

This thesis has dramatically increased the understanding of EUV-induced plasma
by experimental characterization of the ion fluxes towards surfaces exposed to this
EUV-induced plasma. For this purpose, the ion flux diagnostics have been im-
proved to make them applicable in the current research. This has enabled the
measurement of ion flux densities, ionic composition and energy distribution func-
tions with a Retarding Field Energy Analyzer and an Electrostatic Quadrupole
Plasma analyzer. The results from the current work can be used to further inves-
tigate the impact of EUV-induced plasmas on the conditions of exposed surfaces
in EUV lithography.
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Appendices

A Derivation of the potential well

A coaxial model (figure A.1) is considered to estimate the potential distribution
in the cylindrical geometry shortly after the EUV pulse. The ions that were
created by photoionization of the background gas are assumed to be stationary
and positioned inside the beam radius. A part of the electrons escape to the
cylinder wall. In the core, a charge density ρ = e (ni − ne) is established with a
radius equal to the EUV beam diameter r0. Electron impact ionization is ignored
and therefore no ions outside the core are considered. The outer wall is formed by
the cylindrical vessel with radius R. The Poisson equation reads:

∇2Φ = − ρ

ε0
, (A.1)

with Φ the potential distribution and ε0 the dielectric constant of vacuum.

+ + ++++ ++

R

r
0

ρ=e (n
i
-n

e 
)

Outer wall

Figure A.1: Sketch of the coaxial model
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Appendix A: Derivation of the potential well

The charge density as function of radius r is assumed to be:

ρ(r ≤ r0) =e (ni − ne) , (A.2)

ρ(r > r0) =0. (A.3)

In cylindrical coordinates the Laplacian of the potential becomes:

∇2Φ =
1

r

∂

∂r

(
r
∂Φ

∂r

)
. (A.4)

For r ≤ r0:

∂

∂r

(
r
∂Φ

∂r

)
=− ρ

ε0
, (A.5)

r
∂Φ

∂r
=− ρ

2ε0
r2 + c, (A.6)

∂Φ

∂r
=− ρ

2ε0
r +

c

r
, (A.7)

Φ(r) =− ρ

4ε0
r2 + c ln r + d. (A.8)

At r = 0 the potential should remain finite, therefore c = 0 for r ≤ r0.

For r > r0:

∂

∂r

(
r
∂Φ

∂r

)
=0, (A.9)

∂Φ

∂r
=
e

r
, (A.10)

Φ(r) =e (ln r − lnR) . (A.11)

Φ and ∂Φ
∂r have to be continuous in r = r0. With the continuity of ∂Φ

∂r it is
possible to calculate e:

∂Φ

∂r
=− ρ

2ε0
=

e

r0

, (A.12)

e =− ρ

2ε0
r2
0. (A.13)

To determine d the continuity of Φ is used:

Φ(r0) =− ρ

4ε0
r2
0 + d = − ρ

2ε0
(ln r0 − lnR) , (A.14)

d =
ρ

4ε0
r2
0 [1− 2(ln r0 − lnR)] . (A.15)
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Appendix A: Derivation of the potential well

The resulting potential distribution then reads:

Φ(r) =− ρ

4ε0
(r2 − r2

0)− ρ

2ε0
r2
0 (ln r − lnR) , r ≤ r0 (A.16)

Φ(r) =− ρ

2ε0
r2
0 (ln r − lnR) , r > r0. (A.17)
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Appendix B: RFEA considerations for application in EUV-induced plasma

B RFEA considerations for application in EUV-induced

plasma

This section discusses two RFEA issues that fall outside the scope of chapter 5,
but which are important when studying the pulsed, EUV-induced plasma that is
under investigation in this thesis. In section B.1 the calibration of the timing and
collector current is discussed. Section B.2 shows how the EUV irradiation troubles
the RFEA measurements during the first 2 µs.

B.1 Timing and amplitude

To check how well the RFEA measures currents to the collector, a known current
signal was applied to the collector connection pin in the RFEA filter box.

Part of the current sensing circuit of the RFEA is shown in figure B.1a. The
collector current is sent through a 2 kΩ resistor. The potential over this resistor
is amplified and measured by an ADC. The 110 nF capacitor and 360 kΩ resistor
form a RC filter with an RC time of 40 ms.

A waveform generator (Agilent 33500B Series) was used to simultaneously ap-
ply a sync signal to the RFEA control box and a 5 V sinusoidal wave through a
1 MΩ high precision resistor connected to the collector connector. The used fre-
quency of 1 kHz yields a period of 1 ms, which is much faster than the RC time.
The current will therefore only pass through the 2 kΩ and 1 MΩ resistor. The
combined resistance of 1.002 MΩ and the 5 V sinusoidal potential yields a current
amplitude of 2.495 µA. The collector current is measured using a sample rate of
1 µs.

Figure B.1b shows the input signal and the measured current. The measured
current has period of 1 ms with an error of less than 0.3 µs. The delay is less than
50± 20 ns, which is negligible compared to the sample time of 1 µs. The measured
amplitude is 2.3612 µA and offset ∆I is 0.4758 µA, both with an negligible error
of 0.1 nA. The amplitude is 0.1338 µA (5 %) less than the input amplitude. In
practice ∆I has no effect on the outcome of the measurement because in the ion
flux density measurements the offset is corrected for, as shown in figure 5.1.2.
During measurement IEDFs offsets disappear during the differentiation of the
collector current with respect to the retarding potential.

A peculiarity of the software is that the first µs in the measurement data is
filled with data from the back of the measurement. During the first µs no actual
data is recorded.

In summary, measured current should be corrected with 5 %. Offsets in the
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1 MΩ

2 kΩ
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110 nF

V
C

Op-amp

RFEA filter box

Collector 

connector

ADC

(a) Schematic of the electronic circuit used in the characterization of the collector current
measurement. The RFEA filter box contains the current sensing circuit. At the
bottom the connector for the collector potential is shown. To supply a known current
to the current sensing circuit a 1 MΩ resistor and waveform generator are connected
in series to the collector connector.
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(b) The input and measured current. The measured signal is also sinusoidal with ampli-
tude of 2.3612 µA, offset of 0.4758 µA, period of 1 ms and a delay of 50 ns.

Figure B.1: Characterization of the measurement of the collector current.
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timing small, but gathering of data begins only after 1 µs.

B.2 Saturation due to EUV irradiation

During the experiments the RFEA will be directly exposed to pulses of EUV radi-
ation. Metals emit electrons when they are irradiated with energetic photons due
to the photoelectric effect. The hereby induced currents could interfere with the
measurement of the ion current. In the past this photo-electric currents troubled
Langmuir probe measurements in EUV-induced plasmas [6].

Figure B.2a shows a temporal resolved test measurement in 5 Pa H2. The
RFEA is synchronized to the EUV source. The drop in potential over the EUV
source capacitors due to the discharge is taken as trigger signal. The time between
EUV pulses is 2 ms. The RFEA sample frequency is 1 µs. The IV-curves are av-
eraged over 32 scans.

The IV-curves develop as follows:

• t = 0: no current is measured. This time step is therefore omitted from the
figure.

• t = 1 µs: the current is fully saturated over the whole range of VR. The
current is therefore not depending on VR.

• t = 2 µs: the overall current has decreased, but there is still a large offset.
The shape of the IV-curve is as expected in a plasma, with a current that
decreases with VR. Here the ion current and IEDF can be determined.

• After t = 3 µs the offset at high VR has fully decreased. The current decreases
with time due to the reducing ion current.

The saturation regime has been further investigated by measuring the offset
current at a higher time resolution. A delay generator is used to add a defined delay
to the trigger signal. This increases the resolution to 0.125 µs. The offset current
has been determined by averaging the current from VR =10 V to 20 V, similar to
the processing in figure 5.1.2. The result is shown in figure B.2b. Measurements
where done with and without gas in the vessel to distinguish between plasma and
pure EUV effects.

During the first µs there is no signal measured. In the previous section B.1 it
was noted that this is due to an error in the measurement software. From t =1 µs
to 1.7 µs the RFEA is fully saturated. The detector range is specified to be 6 µA,
which is considerably exceeded during this period. Subsequently it takes little over
1 µs before the offset current has fully decreased.
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(a) Temporal resolved IV-curves in 5 Pa H2 under EUV exposure.
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(b) RFEA offset current under influence of EUV irradiation. Experiments with and
without gas (and therefore with and without plasma) yield similar results.

Figure B.2: RFEA response under EUV irradiation. Due to a bug in the RFEA software
no data is recorded in the first µs (see B.1).
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There is no difference between the measurements with and without gas. There-
fore the saturation is dominated by photo-electric currents. Overexposure due to
ion fluxes are not witnessed.
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