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Summary

In this thesis, we present the development and study a numerical model of EUV-induced plasma.
Understanding of behavior of low pressure low density plasmas is of industrial relevance, be-
cause of their potential use for on-line removal of different forms of contaminations from mul-
tilayer mirrors, which will help increase the throughput of EUV lithography.

e model is 2D axially symmetric particle-in-cell code, hence it allows the full geometry
of an axially symmetric chamber to be taken into account. erefore, a quantitative connec-
tion between different experimental data, such as discharge characteristic measurements, and
plasma parameters could be established. In order to ensure that the simulations could be relied
on for quantitative comparisons, special aention was paid to validating the model. First, the
implementation of the model was tested using the accumulated large body of the swarm data to
check the values of cross-sections (see chapter 2, section 2.8).

In a second step (see chapter 5), direct simulation of the dynamics of a low-density plasma,
ignited by an electron avalanche, in the presence of a diagnostic probe was used as both a val-
idation step and as a first direct comparison between experiment and model. In this study, the
plasma, the probe response to the plasma, and the probe’s influence on the plasma were all in-
cluded in the model. Besides validation, the simulated plasma parameters were compared with
that estimated from the probe IV curves using a variety of techniques. It was shown that dif-
ferent probe analysis techniques lead to significant under and over estimates of plasma densities
From these results, we suggested a useful criterion for estimating the error margin in experi-
ments.

e introduction of EUV radiation into the experimental chamber adds a new layer of un-
known and/or poorly known parameters, such as the power spectral density and intensity. ese
new unknowns were treated, within limits, as free parameters that were varied to obtain close
agreement between the numerical model and experimentally measured parameters. is ap-
proach was only possible because of the extensive testing and validation of the model, which
allowed us to freeze the model state, and concentrate on the effects of added the parameters and
new EUV plasma dynamics.

e influence of different parameters on the ignition and dynamics of EUV induced plasmas
was studied (see chapter 6). It was found that even low (i.e. 1%) transmission in the spectrum pu-
rity filters in vacuum-ultraviolet wavelength range can have a significant role for EUV-induced
plasma formation.

Finally, an experiment with carbon etching, due to EUV induced plasma was considered (see
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chapter 7). It was found that the predicted yield of carbon removal under EUV radiation in a
hydrogen atmosphere corresponds well to etching experiments without EUV. is suggests that
the underlying physical mechanism is the same in both cases, and that direct EUV processes
play an insignificant role in carbon etching.

e developed model is applicable to pulsed low pressure low density EUV generated plas-
mas. It has proven to be a convenient instrument to help experimentalists understand EUV
plasma dynamics. Although the model can be extended in various ways, the most promising,
from the perspective of understanding EUV plasma, is the extension of the model to a hybrid
plasma model (see Chapter 8).



Samenvatting

In dit proefschri wordt de ontwikkeling gepresenteerd van een numeriek model van Extreem
Ultraviolet-geïnduceerde plasma’s. Het begrijpen van het gedrag van deze lage druk, lage dichtheid
plasma’s hee een belangrijke industriële relevantie vanwege het potentiele gebruik daarvan
voor het online verwijderen van verschillende soorten verontreinigingen van multilaagspiegels.
Dit is relevant voor de productiviteit van chip-fabricage middels EUV-fotolithografie.

Het onderwerp van het proefschri betre een 2D, axiaal-symmetrisch particle-in-cell model,
waardoor het mogelijk is om rekening te houden met de volledige geometrie van een axiaal sym-
metrische kamer.  Daarmee kan een  kwantitatief verband worden vastgesteld tussen verschil-
lende experimentele data, zoals  metingen van karakteristieken van ontlading, en parameters
van het plasma.  Om er voor te zorgen dat, ook kwantitatief, volledig op de simulatie kan wor-
den vertrouwd, werd bijzondere aandacht geschonken aan de validatie van het model. Allereerst
werd de implementatie van het model getest met het gebruik van de geaccumuleerde swarm data
om doorsneewaarden te controleren.

Daarnaastwerd in een validatiefase directe simulatie van de dynamiek van een lagedichtheid-
plasma toegepast, welke geïnitieerd is door een elektron-avalanche in aanwezigheid van een
diagnostische sonde, en een directe vergelijking tussen experiment en model.  In dit onderzoek
werden de plasmacondities en de invloed van de sonde op het plasma opgenomen in het model.
Behalve validatie, werden ook de gesimuleerde plasmaparameters vergeleken met de parameters
die werden geschat op basis van de sondegegevens met gebruik van verschillende technieken.
Het kon worden aangetoond dat verschillende technieken van sonde-analyse leiden tot signifi-
cante over- en/of onderschaingen van de plasmadichtheden. Uit deze resultaten is een effectief
criterium voorgesteld voor het schaen van de foutmarge in experimenten.

De introductie van EUV straling in de experimentele kamer brengt een nieuwe serie van
onbekende en/of slechts gedeeltelijk bekende parameters met zich mee zoals de spectrale ver-
mogensdichtheid en intensiteit. Deze parameters werden verwerkt als vrije parameters om ver-
volgens een  goede overeenkomst te bereiken tussen het numerieke model en de experimenteel
gemeten parameters. Deze aanpak was alleen mogelijk door het uitgebreid testen en valideren
van het model, en gaf de mogelijkheid om bij een vast model de effecten van de toegevoegde
parameters en de nieuwe dynamiek van het EUV plasma te onderzoeken. De invloed van de
verschillende parameters op het initiëren en de dynamiek van het plasma werden ook onder-
zocht. Het is gebleken dat zelfs een geringe deel-transmissie van toegepaste spectrale filters
in het vacuüm-ultraviolet golflengtegebied een belangrijke rol kan spelen bij de vorming van
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EUV-geïnduceerde plasma’s.
Ten sloe werd een experiment met het etsen van koolstof door EUV-geïnduceerde plasma’s

onderzocht. Het bleek dat de verwijdering, ofwel het etsen van koolstof onder EUV belicht-
ing in een waterstof-atmosfeer sterk overeenkomt met ets-experimenten zonder EUV. Dit wijst
erop dat het onderliggende fysische mechanisme hetzelfde is en dat directe EUV processen een
onbelangrijke rol spelen bij het etsen van koolstof.

Het ontwikkeldemodel is toepasbaar bij gepulseerde, lage druk, lage dichtheid EUVgegenereerde
plasma’s. Het is een krachtig instrument gebleken dat onderzoekers kan helpen om de dynamiek
van EUV plasma’s te begrijpen. Hoewel het model op verschillende manieren kan worden uit-
gebreid, is de meest veelbelovende uitbreiding die tot een hybride plasma model, d.w.z een com-
binatie van een fluïde plasma model voor het basis plasma met goed gedefiniëerde electronen-
temperatuur, en een particle-in-cell kinetische beschrijving voor de snelle plasmadeeltjes. Zo’n
model zou uiterst relevant zijn voor de condities in EUV lithografische apparatuur.



Краткое содержание

Данная работа посвящена численному моделированию динамики плазмы в водороде,
индуцированной мягким рентгеновским излучением. Такую плазму возможно исполь-
зовать для очистки (и поддержания чистоты) поверхности оптических элементов ис-
пользуемых в установках проекционной литографии в диапазоне мягкого рентгена, что
обуславливает актуальность данной задачи.

Для моделирования плазмы использовался метод частиц в ячейках в двумерной, ци-
линдрически симметричной постановке. Такой подход позволил получить количествен-
ные оценки для различных величин, измеряемых в эксперименте(например, ток, про-
шедший через электрод), и соотнести их с параметрами плазмы, полученными в резуль-
тате моделирования. Для проверки точности модели были проведены тестовые расчеты,
в которых проверяли, воспроизводит ли модель результаты экспериментов с дрейфовы-
ми трубами (см. главу 2, раздел 2.8).

Следующим шагом был проведен расчет зондовой характеристики, измеренной в
установке, в которой водородная плазма образовывалась в результате развития элек-
тронной лавины (см. главу 5). Конфигурация эксперимента была осе-симметричной, что
позволило самосогласованно учесть влияние цилиндрического зонда на формирование
плазмы. Результаты расчетов и измерений тока на зонд совпали с достаточной точно-
стью, однако параметры плазмы полученные в расчете существенно разошлись с тако-
выми из анализа зондовой характеристики с помощью стандартных зондовых теорий.
Эти различия указывают на то, что стандартные методы анализа зондовых характери-
стик в случае импульсных плазм должны применяться с осторожностью, и разница меж-
ду предсказаниями разных моделей отклика зонда может трактоваться как оценка по-
грешности определения характеристик плазмы.

Успешное моделирование эксперимента с электронной лавиной позволило перейти
к более сложному случаю, и рассмотреть формирование плазмы в газе из-за поглощения
мягкого рентгеновского излучения. Введение излучения в модель привело к появлению
большого количества плохо определенных параметров, таких как интенсивность излу-
чения, временная, пространственная и спектральная форма импульса излучения и т.д.
Ввиду невозможности измерения всех необходимых характеристик импульса излуче-
ния одновременно с достаточной точностью, эти характеристики рассматривались как
свободные переменные с диапазоном изменения определяемыми экспериментальной
точностью.
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Влияние различных параметров импульса излучения на характеристики получаемой
плазмы было рассмотрено в главе 6). Было обнаружено, что в рассматриваемых условиях
даже малое (∼ 1%) пропускание используемых спектральных фильтров в области ваку-
умного ультрафиолета оказывает существенное влияние на формирование плазмы.

В заключении, в главе 7 были проведены расчеты потоков ионов и атомов водорода
из плазмы на образец, покрытый углеродом. В этом эксперименте наблюдалась очистка
углерода, при этом простые оценки эффективности очистки давали многократно завы-
шенные значения. Однако, оценки потоков, полученные с помощью разработанной мо-
дели показали, что эффективность очистки углерода согласуется с ранее измеренными
значениями для водородной плазмы низкого давления. Что указывает, на сходство ос-
новныхмеханизмов очистки и отсутствие существенного влияния излучения на процесс
очистки углерода.

Таким образом, разработанная модель может быть применена к различным задачам
связанным с описанием динамики плазмы, индуцированной мягким рентгеновским из-
лучением в водороде низкого давления. Модель является удобным численным инстру-
ментом для анализа результатов экспериментов с импульсной плазмой. Перспективным
развитием модели может быть обобщение до гибридной плазменной модели (см. гла-
ву 8).



Chapter 1

Introduction

e general direction of the study presented in this thesis is motivated by the industrial need to
describe the ignition and dynamics of low density, low pressure hydrogen plasmas, excited by
extreme ultraviolet radiation (EUV), as discussed in Section. 1.1.

ese plasmas havemany similar propertieswith low pressure (1 – 100 Pa), low density (ne ∼
108 − 1010 1/cm3) pulsed plasmas that are commonly found in many laboratory experiments.
ese plasmas can exhibit complicated behavior because they are oen operated in the non–
local and non–stationary regime. erefore, the study of these plasmas has also an academic
relevance.

e main part of the study in this thesis is the development of a model (see Section. 2) and
application of this model to a selected set of experiments, as discussed in Section. 4.

1.1 EUV lithography, mirrors and pulsed plasmas

In the semiconductor industry, photolithography is used to create paerns on silicon wafers,
which is an important step in microchip production. Due to diffraction, the minimum size of
the characteristic paern dimensions depends on the wavelength used. Currently, an eximer
laser (λ ∼ 193 nm) is used as a radiation source, however, the printed feature sizes are signif-
icantly smaller than the laser wavelength. e technical measures that are used to circumvent
the diffraction-limit are very complicated (e.g. off-axis irradiation, multipole irradiation, multi-
ple paerning, non–linear resists, immersion). A review can be found in a number of textbooks
(e.g. [1], [2]).

Since the transition to smaller feature sizes, while keeping the illuminating wavelength the
same, is increasingly complicated, one of the possible solutions is to use shorter wavelengths¹.
However, this comes with a set of new problems, since the usual transmission optics cannot be
used. Moreover, the shi to reflective optics in turn requires to decrease the wavelength even
more², hence the wavelength range for next generation of optical lithography is in the 10 – 20
nm (see introduction in [5]).

e current industry road-map is to shi to 13.5 nm radiation, i.e. to EUV wavelengths.
In order to provide the required imaging performance, interference-based multilayer mirrors
(MLM) are used as optical elements. As suggested by the name, MLM optics are based on the
constructive interference from multiple layers. However, MLM optics are subject to contam-
ination during exposure to the energetic EUV radiation, due to oxidation and carbon growth.

¹Examples of the other possible solutions are direct nanoimprint lithography[3], maskless electron-beam lithogra-
phy[4], etc.

²e shi to reflective optics leads to a decrease of the numerical aperture, compared to transmissive optics, this sig-
nificantly affects the resolution of the imaging system. erefore, to improve the resolution, the illuminating wavelength
must decrease even more.
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erefore, the study and elaboration of ways to maintain the MLM’s reflectivity is interesting
and important. Several approaches to increase the MLM’s lifetime have been proposed. Most
of them involve methods of on-line surface cleaning using active agents, such as hydrogen, or
oxygen atoms.

One of the most promising ideas for non-destructive MLM surface cleaning is to use the
plasma, produced in the residual gas by the EUV photons and the secondary electrons emied
from the mirror surface, as a cleaning agent. In order to ensure sufficient particle flux to the
surface, an additional bias can be applied to the MLM. In this case, the fluxes and energies of
charged particles (i.e. ions and electrons) to the MLM surface can be controlled over a large
range.

Although experiments have shown that on-line cleaning can be achieved under certain con-
ditions, it has proven difficult to develop an understanding of the processes involved due to two
main causes: the characteristics of the EUV-induced plasma are poorly known, and the plasma-
surface interaction has many contributing factors [6, 7, 8, 9, 10, 11]. erefore, an accurate
simulation and analysis of such an environment requires both: (a) an estimate of the fluxes from
the plasma to the MLM surface and (b) the correct boundary conditions provided by the knowl-
edge of the plasma induced chemistry on the surface. ese conditions are addressed in the next
section.

1.2 Industry-related issue and simulations

To begin with, let us narrow down the parameter space, since a large portion of the parameters
can be estimated from the published literature [12, 5, 13, 14]. In EUVL, the EUV radiation will
be produced by a tin plasma based source [15, 16, 17] (e.g. a discharge produced plasma (DPP)
or laser produced plasma (LPP)).

Despite the fact that EUV sources may provide comparable time averaged EUV output, their
characteristics differ significantly in their pulse repetition rate, spectral content, and spatial and
temporal coherence, e.g., DPP based EUV source has a repetition rate in the range of 1 kHz ..
10 kHz, LPP based source has a repetition rate in the range of 10 kHz .. 100 kHz.

For a plasma-based source, the EUV pulse duration (approximately 100 ns) is much shorter
than the time between two consecutive pulses and much longer than the characteristic electron
times (e.g. inverse plasma frequency, etc.) in both the solid and the plasma. However, the decay
rate of the plasma aer the EUV pulse depends on the geometry and volume of the containing
vessel. erefore, considering that, for the commercial use-case, the vacuum chamber is rather
large, we limit our models to a single pulse, igniting a plasma in a cold neutral gas.

Next, we can estimate the relevant EUV energy fluence per pulse. e industry roadmap
mentions a broad range of the energies from 100 W to 1 kW of EUV power³ at the intermediate
focus.⁴ However, to estimate the energy fluence per pulse, we need the optics’ dimensions. Given
the two orders of magnitude arising from the possible range of source repetition rates, it is safe
to estimate the diameter of the optics to be about 10 cm. Note that dimensions of 1 cm are

³e EUV power relevant to EUVL is the power emied by the source in a 2% bandwidth around 13.5 nm [15].
⁴Intermediate focus is the point in the optical path, where EUV radiation exits the source chamber and enters the

chamber with optics.
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unlikely due to diffraction, while on the other hand, MLM optics with a 100 cm characteristic
size are only subject to very low EUV intensities and have less relevance. From these estimates,
we consider that the relevant energy fluence range for 250 W sources is 10−2 .. 1 mJ/(pulse ×
cm2) ⁵.

e next step is to estimate the plasma density. Due to the fact that EUV radiation is very
effectively absorbed by all materials, the background gas environment is expected to have a
low pressure e pressure range, based on known EUVL conditions, ranges between 1 – 100 Pa
hydrogen [18].⁶ For these conditions (i.e. 10−2 mJ/(pulse × cm2) – 1 mJ/(pulse × cm2)), the
plasma density can be estimated as 107 .. 1011 1/cm3, which is similar to the density of the plasma
found in glow discharges. However, important differences in the plasma dynamics originate
from the pulsed radiation induced nature of the plasma.

A glow discharge plasma is quasi-stationary and the energy distribution function (EDF) for
electrons is close to Maxwellian. In contrast, as photoionization makes a significant contribution
to the EUV induced plasma formation, the electron EDF deviates significantly from a Maxwell
distribution function during the EUV pulse and for some time aer it. In spite of the presence of
some fast electrons that might remain some time aer the EUV pulse, the total energy decreases
monotonically, therefore, the plasma starts to decay due to ambipolar diffusion.

erefore, because of the non-stationary and non-Maxwellian nature of EUV induced plas-
mas, we need to solve the equations for the electron distribution function, fe, without any as-
sumption about its shape in advance. is rules out a significant class of simulation methods,
because the fluid approximation cannot be applied. Here, by fluid approximation, we mean a
class of methods that relies on continuity equations for moments of the distribution function,
e.g. electron density ne =

∫
fe(t, x⃗, v⃗)dv⃗, flow ⃗⟨neve⟩ =

∫
v⃗fe(t, x⃗, v⃗)dv⃗, etc. However, fe is

unknown, thus, a kinetic approach, which doesn’t rely on an explicit form for fe, should be used.
Unfortunately, kinetic methods are much more computationally intensive compared to fluid

based methods, because these methods solve equations for the distribution function. Hence,
let us estimate the problem size in terms of characteristic plasma length and time scales: the
Debye radius, and plasma frequency. Even though an EUV induced plasma has a Debye radius
and plasma frequency that evolves with time, it is reasonable to assume a single value for each,
since the low energy part (i.e. the energy range up to several times the temperature) of the
Maxwell energy distribution forms very fast due to inelastic collisions with the background gas
and interactions via the electric field.

For the purpose of estimating the Debye radius, we assume Te ∼ 0.5 eV, since this is a typical
for electrons in low density hydrogen plasmas. e Debye radius for a plasma with Te ∼ 0.5 eV
and Ne ∼ 109 1/cm3 is RD ∼ 0.015 cm, i.e. the typical length scale of a laboratory experiment
is 10 cm ∼ 600×RD . A reasonable time scale is 1 µs, since the duration of an EUV pulse from a
plasma based source is about 0.1 µs. Using the parameters above, the plasma frequency is about

⁵e energy fluence per pulse is (EUV power)/(rep. rate.× surface area). EUV source repetition rates vary greatly,
the common range being 1 .. 4 kHz for DPP and 10 .. 50 kHz for LPP [15, 17]. For this estimate we choose a repetition
rate range of 4 .. 50 kHz and round the results to lower and higher values respectively. e out of band EUV radiation is
not taken into account in this estimate, because, for LPP based source, this contribution increase radiation fluence by a
factor of two.

⁶e pressure range can be estimated by considering the EUV absorbtion in the volume. For several (e.g. 6 – 8)mirrors
with characteristic size about 10 cm the optical path should be about 100 cm. Hence,∼ 13% of EUV radiation is absorbed
by gas for 100 Pa H2 background pressure. erefore, higher pressure of background gas seems to be impractical.
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2 GHz: 1 µs ∼ 2000/ωpl.
Given these estimations, the natural choice is to apply a method from the Particle-in-Cell

(PIC) family is kind of method requires that the Debye radius and plasma frequency should
be resolved, fortunately, under the conditions described above, this seems to be a feasible task.⁷

e PIC method also has the advantage of being able to describe the plasma sheath in a self-
consistent manner, i.e. no special plasma sheath models are required, as is oen the case for
hybrid and fluid models. us, we can straightforwardly obtain the energy resolved ion fluxes
from the EUV induced plasma to the surface of the MLM mirror through the PIC simulations,
which is the goal of the present work.

1.3 “Why a new code”

ere is no standard program for plasma physics related problems, instead, there aremany codes,
designed by different laboratories for their specific purposes. Because of the extremely large
number of codes, it is impossible to prove that there is no pre-existing code that could be used
to solve the problems considered in this thesis.

Most probably there are some codes, which, if combined and provided with the correct input,
could be used to accomplish this task. But, it would require (a) finding such codes, (b) adding (or
fine-tuning) code that is specific to the problems that we consider, and (c) testing its applicability,
since each code is tailored towards a specific set of problems. In fact, overcoming these problems
is not simpler than writing a new code that is tailored towards our specific problems from the
beginning.

More specifically, we need to describe, in 2D, the fast evolution of a low pressure, low den-
sity hydrogen plasma, and compute the ion flux from the plasma to the surface. is, in turn,
requires a kinetic description for both ions and electrons, dealing with many reactions between
plasma species and the background gas, and an appropriate description of the plasma sheath.
is combination is not found in the freely available codes for simulations of low pressure low
density plasmas, since these features are not required for common tasks, such as a stationary
glow discharge in 1D, complex plasma chemistry for an almost stationary plasma using a fluid
description, e.g. for material processing in lithography, and the evolution of a plasma with rel-
atively simple chemistry in 1–3D (e.g. plasma thrusters for space applications), etc.

A few examples of plasma simulation codes, which are available for download include: XOOPIC
[19], Magbolts [20], BOLSIG+ [21]. ere are many other closed source codes, e.g. Starfish,
PLASIMO, VSIM and many others. However, all of these codes would require significant modi-
fications before they could be used to study EUV-induced, low density hydrogen plasmas.

Hence, most likely, at least two codes would need to be merged to obtain the required set of
features. In view of the completely different internal structure of the different codes this seems
to be a hopeless task. erefore, we have developed a new code, which is described in next
section.

⁷By resolving the Debye radius and plasma frequency, we mean that the grid spacing should be less than 3.4RD ,
and the time step should be less than 2/ωpl. However, a much stricter condition for the time step is used, e.g. ∆t <
0.1/ωpl. Otherwise, the error in the total energy is oen unacceptably high. Hence, to model a region with a size of
600RD×600RD we need approximately 200×200 grid points, and at least 105 super particles. For modern computers
this is not a big problem.

http://ptsg.egr.msu.edu/
http://consult.cern.ch/writeup/magboltz/
http://www.bolsig.laplace.univ-tlse.fr/
http://www.particleincell.com/starfish/
http://plasimo.phys.tue.nl/
http://www.txcorp.com/home/vsim/vsim-overview
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EUV induced plasmas have been considered in 1D with argon as background gas [22], [23].
We did not use this work as a starting point, because we need to deal with hydrogen in 2D. Some
parts of the code (e.g. the initial version of the cross-sections set) and design decisions of the
model developed in this thesis are based on an unpublished 1D low pressure hydrogen plasma
model, for which we acknowledge the contribution of Vladimir Ivanov.





Chapter 2

Numerical tool

2.1 Plasma equations

e are many variations in the formulation of particle based methods for simulations of plasma
dynamics. For clarity, in this section, we describe the route from the equations of state for a
plasma to the numerical scheme used in our code, which follows [24]. A detailed description of
plasma physics and numerical methods can be found in appropriate textbooks (e.g., [25]).

e kinetic equations for a plasma (Vlasov – Boltzmann equations) read

∂fa
∂t

+ v⃗ ∇⃗r⃗fa +
F⃗a

ma
∇⃗v⃗fa = St(f), (2.1)

F⃗a = qa(E⃗ +
1

c
v⃗a × H⃗) (2.2)

where fa is the distribution function for a species, a, with massma and charge qa. St(f) is the
term which accounts for the effect of collisions. St(f) has a complicated form, but, fortunately
we do not need to expand it explicitly, because, in our model, we use another approach to intro-
duce collisions (see Section. 2.7). To these equations one should add the Maxwell equations for
the field.

divE⃗ = 4πρ , rotH⃗ =
1

c

∂E⃗

∂t
+

4π

c
j⃗ , rotE⃗ = −1

c

∂H⃗

∂t
, divH⃗ = 0 (2.3)

ρ =
∑
a

qa

∞∫
−∞

fadv⃗ , j⃗ =
∑
a

qa

∞∫
−∞

fav⃗ dv⃗ (2.4)

where the symbols have their usual definitions. In the considered case, there is no strong external
magnetic field, and the magnetic field generated by the plasma is negligible (i.e. |H⃗| ≪ |E⃗|).
us, is it possible to use the electrostatic approximation, i.e.

∂fa
∂t

+ v⃗ ∇⃗r⃗fa +
qaE⃗a

ma
∇⃗v⃗fa = St(f), (2.5)

E⃗ = −∇⃗φ , ∆φ = −4πρ (2.6)

It is not possible to solve these nonlinear equations analytically in any real–life related case. For
a numerical solution, some approximation for the distribution function fa should be made, e.g.
both fluid and kinetic descriptions use an approximation for the distribution function, but the
PIC method allows a broader class of possible distribution functions to be used compared to fluid
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methods.
For the fluid description, the distribution function is multiplied with powers of the velocity

and integrated over velocity space, yielding moments of the distribution function. For example:
the electron density isne =

∫
fe(t, x⃗dv⃗, v⃗), electron flux (i.e. current) ⃗⟨neve⟩ =

∫
v⃗fe(t, x⃗, v⃗)dv⃗,

electron energy density ⟨ne
mev

2
e

2 ⟩ = 1
2me

∫
(v⃗ · v⃗)fe(t, x⃗, v⃗)dv⃗, etc. en, continuity equations

can be obtained for the electron density, current density etc. A fluid model needs to be coupled to
an additional model to describe the plasma sheath, because the plasma sheath region generally
cannot be described in the continuous maer approximation.

As was mentioned previously, the fluid approach requires some a priori assumptions about
the shape of the distribution function to close the system of equations, since the lower moments
of the distribution function depend on higher moments, i.e. electron density on the electrons
flux, electron flux on energy density, etc. Unfortunately, in the present case it is hard to make a
good approximation for the distribution function in advance.

For the Particle–in–Cell method, the distribution function is approximated as follows

fa(t, x⃗, v⃗) =
∑
ia

wia δ(v⃗ − v⃗ia)S(x⃗− x⃗ia) ,

∫
V

S(x⃗)dx⃗ = 1 (2.7)

Here wia > 0 , x⃗ia and v⃗ia are the parameters that correspond to the weight, coordinate, and
velocity of the ith super particle of species a, i.e. a super particle is a term in sum in (2.7), because
it represents an object with a certain coordinate and velocity. e function S, which is referred
to as a shape function is non-negative (i.e. for any input, S(x⃗) ≥ 0).

e weight parameter corresponds to the number of particles that are represented by a super
particle. To illustrate this statement, let us integrate the distribution function over phase space.

Na(t) =

∫
V

dx⃗

∞∫
−∞

dv⃗fa(t, x⃗, v⃗) =
∑
ia

wia (2.8)

Hence, wia corresponds to a number of particles, because the distribution function fa is normal-
ized to the full number of particles, Na, for species a in the simulated volume V .

It is possible to use any shape function (2.9). However, the delta function is more convenient
when one needs to deal with an irregularly spaced grid, otherwise, the right hand side of equa-
tions of motion, which we obtain at the end of this section (i.e. equations (2.14) and (2.15)), have
a more complicated form. erefore, we use the following approximation for the distribution
function, which have delta functions for velocity and position.

fa(t, x⃗, v⃗) =
∑
ia

wia δ(v⃗ − v⃗ia) δ(x⃗− x⃗ia) (2.9)

Despite the fact that it is possible to obtain equations for x⃗ia and v⃗ia by substituting (2.9) to
(2.5), it is more convenient to use an effective Lagrangian [26, 27].

e numerical versions of Poisson’s equation and the equations of motion for particles (i.e.
(2.6) and (2.14)) should be consistent with each other, i.e. there should be a certain relationship
between the particle’s shape function, the order of the numerical representation of the force
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acting on the particle, and the approximation order of the discretization of Poisson’s equation.
e common approach is to use certain heuristic rules to derive a consistent numerical

scheme. Unfortunately, it is hard to apply these rules for any case other than a uniform rectan-
gular grid. On the other hand, the derivation of equations of motion via the effective Lagrangian
is free from the above mentioned issues.

e effective Lagrangian that leads to (2.5) without a collision term can be wrien as follows.

L =
∑
a

∫
dx⃗dv⃗fa(t, x⃗, v⃗)

(
mav

2

2
− qaφ(x⃗)

)
+

1

8π

∫
dx⃗
(
∇⃗φ(x⃗)

)2
(2.10)

e index a denotes species, e.g. electrons or hydrogen ions, etc.
Before we proceed further, let us introduce a spatial grid for the potential. We use the finite

element method to approximate the potential on the grid.

φ(t, x⃗) =
∑
j

αj(t)ξj(x⃗) (2.11)

Here the index j runs over all grid points, the functions ξj(x⃗) form a set of basis functions,
weighted by time-varying coefficients, αj , which, together, represent the electric field potential
φ(t, x⃗) with sufficient accuracy. In our model, we choose simple basis functions as discussed
later (2.16).

Substituting (2.9) and (2.11) into the first term of (2.10) and integrating yields the formula ¹

L =
∑
a

∑
ia

wia

mav
2
ia

2
− qa

∑
j

αj(t)ξj(x⃗ia)

+
1

8π

∫
dx⃗
(
∇⃗φ(x⃗)

)2
(2.12)

e geometry we are interested in possesses cylindrical symmetry, therefore, it is convenient
to change to cylindrical coordinates for the last term of (2.12) and integrate over the polar angle
before we apply the Euler-Lagrange equations to obtain the equations of motion. We do not
change coordinates in the first term of (2.12) since it is convenient to trace super particles in 3D,
but solve Poisson’s equation in 2D. en we obtain

L =
∑
a

∑
ia

wia

mav
2
ia

2
− qa

∑
j

αj(t)ξj(x⃗ia)

+
1

4

∫
r dr dz

(
∇⃗r,zφ(r, z)

)2
=

=
∑
a

∑
ia

wia

mav
2
ia

2
− qa

∑
j

αj(t)ξj(x⃗ia)

+

+
1

4

∑
j

∑
k

αj(t)αk(t)

∫
r dr dz

(
∇⃗r,zξj · ∇⃗r,zξk

)
(2.13)

Finally, with the help of the Euler-Lagrange equations, the equations of motion are obtained for

¹Here, we take advantage of our simple form for fa, which allows the integral of the first term of the Lagrangian to
be performed analytically.
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the dynamic variables (e.g. x⃗ia , v⃗ia = ˙⃗xia and αj )

¨⃗xia = − qa
ma

∇⃗φ = − qa
ma

∑
j

αj∇⃗ξ(xia) (2.14)

∑
j

αj

∫
r dr dz

(
∇⃗r,zξj · ∇⃗r,zξk

)
= 2

∑
a

qa
∑
ia

wiaξk(xia) (2.15)

As we obtained equations (2.14) and (2.15) via the Lagrangian approach, the conserved quan-
tity is energy in the limit of infinitely small time steps. Unfortunately, the momentum is not
conserved because the grid breaks the symmetry to infinitesimal shis, thus Noether’s theorem
cannot be applied.

Although the failure of momentum conservation is a problem, it is a phase error on the
level of one super particle oscillating at the plasma frequency in an effective potential. For the
case where oscillations of an external field are the dominate source of energy for the system
and collisions between charged species and background gas are negligible, phase errors become
very significant. In such cases, the phase error changes the amount of energy flowing into the
system.

However, in our case, the relevant conditions are that collisions between plasma species
and the background gas are significant. ese collisions randomise the oscillation phases of the
super particles. e overall momentum is not conserved, since, in the model, we discard slow
neutral species, which are produced by collisions. erefore, the numerical scheme should only
be accurate enough to not produce an excessive phase error between two collisions. Finally, the
main energy source for the EUV-induced plasma is provided by the EUV radiation itself and a
DC external bias (if present). ese factors are insensitive to the phase of the plasma oscillations.
erefore, for our task, conservation of energy by the numerical scheme is more important than
conservation of momentum.

2.1.1 Energy conserving seme vs momentum conserving seme

e difference between the energy conserving scheme and the momentum conserving scheme,
on the level of equations, comes from the difference between the right hand side of (2.14) for
each case. For the energy conserving scheme, in the right hand side of equation (2.14), the local
field acts on the particle, i.e. no information from the nearby cells is used. For the momentum
conserving scheme, a slightly different procedure is used [28]. Firstly, the field gradients are
computed for the grid points, secondly these gradients are interpolated to the positions of the
super particles. is procedure is not trivial, because the right hand side does not coincide with
the local potential gradient. e approach used for the momentum conserved scheme can be
viewed as field smoothing in terms of the energy conserving scheme, i.e. local field gradients
are used in the energy conserving scheme, while averaged local field gradients are used in the
momentum conserving scheme.

For example let us consider a 1D situation with a field distribution as in Fig. 2.1. Note that
the electric field at the grid points (i.e. E⃗) is zero if it is computed as the spatial derivative of the
potential by the symmetric scheme (i.e. Ej = −φj+1−φj−1

2h ).
us, if we simulate the super particle movement in this potential with the momentum con-
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Figure 2.1: In the le plot, the initial model potential with a high frequency oscillation is com-
pared to the effective potential that the particle sees in the momentum conserving case. e
effective potential is obtained by integrating the field strength for the momentum conserved
scheme from the right plot. e high frequency oscillation of potential is effectively removed
in the momentum conservation scheme approach, as compared to energy conservation scheme
approach.

serving scheme, under the assumption that the kinetic energy of the particle is much larger
than the variations of the potential, we would obtain a super particle that goes straight, neither
gaining nor loosing energy. Over longer distance scales, this is correct, but it is not correct for
a single super particle in detail, since the local potential variations are not taken into account
However, if the potential variations are comparable or larger than the particle kinetic energy
this approach would yield an incorrect solution.

If we simulate super particle movement in this potential with the energy conserving scheme,
then there would be a non-zero force acting on the particle, because the local field gradient is
computed to be Eloc = −φj+1−φj

h . If we apply Euler’s scheme for the time discretization of
(2.14), energy is not conserved for particles that cross grid points during a time step, because of
the significant potential gradient changes at the grid points (see Fig. 2.1 and Fig. 2.2). For the
full simulation (i.e. with equations (2.15) included) this would result in a significant artificial
increase in the temperature unless the time step is very small, i.e. ∆t ≪ h

v for all particles.
Since our task requires dealing with plasma sheaths, and space charge generated potential

barriers, the super particle kinetic energy is comparable to the potential variations. is poses
a problem for the momentum conserving scheme, because the particle would see an incorrect
potential near a sharp potential barrier see Fig. 2.2. at would lead to a situation where the
super particle would not see the full potential barrier, which would lead to significant errors in
energy conservation.

Unfortunately, the same situation is also troublesome for the energy conserving scheme,
since we need to consider a broad energy spectrum for the electrons, because there can be very
hot and very cold electrons present at the same time in the simulation domain (see Section 2.6).
While, for the majority of the particles, the time scale is the plasma frequency, the overall time
step is governed by the fast minority, in combination with the size of the smallest cells (which
corresponds to plasma sheath or space charge potential barrier). is significantly slows down
the simulation process.
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Figure 2.2: Comparison of the initial potential distribution with the effective potential for a
momentum conserving scheme. Due to the smoothing effect, the maximum value of the effective
potential is lower than for the initial potential. us, the particle, which starts from X = 0
can go under the potential barrier in the momentum conserving scheme, but not in the energy
conserving scheme. For example, a particle, which starts fromX = 0with energy 8.5 arb. units,
overcomes the barrier in the case of momentum conserving scheme. To prevent this situation
one would need to increase the grid resolution.

However, under the relevant conditions, the plasma sheath and space charge potential barrier
are an almost constant background for the high energy electron contribution to the EDF, since
many slow particles participate in the potential build-up.

erefore, it is possible to use a sub stepping scheme, i.e. at each time step we determine
whether a particle crosses the cell boundary or not. If the cell boundary is not crossed, then the
usual time step is used. In the case where the particle would cross the boundary, we find a series
of sub steps that sum to the longer time step used for the field calculation, and, at the end of one
sub step, the particle is located on the cell boundary. is approach reduces the computational
cost, since the additional time steps are only applied to particles that require it, and allows the
simulations to resolve both short and long time-scale behaviour.

2.2 Program structure

Our implementation of a Particle-In-Cell (PIC) model with Monte-Carlo (MC) collisions is in-
tended to numerically solve equations (2.14) and (2.15) with an empirical collision term. e
flow chart of the main loop is presented in Fig. 2.3.

We use an explicit method to solve the numerical equations derived in section 2.1. erefore,
themain loop consists of a Poisson’s equation solver, which is followed by updating the particle’s
positions and velocities based on the obtained field distribution and current particle’s velocities.
e new charge distribution is calculated from the updated particle’s positions and used as input
for the next iteration. At each time step, new particles can be injected into the simulation domain,
if required. is loop iterates, advancing time by dt until the required simulation time is reached.

e computation of the charge distribution (i.e. the right-hand side of equation (2.15)) is
oen called as the charge to grid deposition step. During this step, the charge contained by each
super-particle is aributed to grid points using (2.16) and (2.15). It is important to optimise this



2.2. Program structure 25

Initialisation

finalization

injector

Particle sorter

charge to grid
deposition

Poisson solver

Field 
smoothing ?

t < tmax ?

Particle mover

surface processes
(ion induced emission)

No Yes

t = t + dt

t > tmax

save particles
array

Particle mover
(no collisions)

charge to grid
deposition

Poisson solver

restore particles
array

Figure 2.3: Flow chart of a main loop.

part of the main loop, because it consumes a significant amount of computational time.
e optimisation takes the form of memory management. A particle sorter step keeps parti-

cles from the same cell nearby in the computer’s memory. is technique improves the particle-
based code performance because of the more effective use of the memory bandwidth. If no
special measures are taken, the relationship between the particle index in the particles array and
the cell index is rather random, i.e. each particle will be loaded from the main system memory,
rather than from the faster cache memory, since the chances that it is in the cache are negligible.
In our implementation, the information about the entrance and exit of particles from a cell (cal-
culated by the particle mover) is used to count the number of particles in each cell in advance.
Aer all the particles are moved, the local particle arrays are merged with the help of a bucket
sort by the cell index.

To reduce the numerical noise, an optional sub-loop can be switched on. In this loop, Pois-
son’s equation is solved at intermediate intervals (e.g., dt/2). To do this, the particles are tem-
porarily advanced to intermediate locations (without collisions), everything except the updated
charge distribution is discarded, and Poisson’s equation is used to calculate the field with this
updated charge distribution. en, the super-particles are moved from their old positions in the
updated field distribution.
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All the other components of the main loop are described below.

2.3 Grid

A rectilinear grid with non-uniform grid spacing is used to resolve the plasma sheath and other
spatially sharp features (e.g. a plasma probe).

e nodal decomposition of the potential from (2.11) is based on linear interpolation func-
tions

ξij(r, z) = Ai(r) ·Bj(z) ,

Ai(r) =

{
ri−1−r
ri−1−ri

, r ∈ [ri−1, ri]
ri+1−r
ri+1−ri

, r ∈ [ri, ri+1]
, Bj(z) =

{
zj−1−z
zj−1−zj

, z ∈ [zj−1, zj ]
zj+1−z
zj+1−zj

, z ∈ [zj , zj+1]
(2.16)

Internal electrodes are introduced by fixing the potential of the grid cells that contain the
electrode, as shown in the example presented in Fig. 2.4. e electrodes absorb all incoming
particles. On ion impact, a secondary electron may be emied from the electrode surface with a
certain probability as discussed in section 2.9.

ere is also support for dielectric internal structures, which are needed for simulating the
plasma probe with a probe shield. Dielectrics are treated the same way as electrodes in that they
absorb incoming particles, but, unlike electrodes, accumulate incoming charge. e potential
on the grid nodes that belong to dielectric structures is determined via solution of Poisson’s
equation.

2.4 Poisson solver

To simulate the plasma evolution in time we need to solve Poisson’s equation (2.15) at every time
step. e efficiency of the Poisson solver significantly influences the code run time, because the
number of numerical operations required to solve Poisson’s equation is typically comparable to
that required to make one step in time for the particles.

ere are manymethods to solve Poisson-like equations. Let us rewrite (2.15) in matrix form,
i.e.

Aα⃗ = b⃗ (2.17)

here A is the matrix of coefficients ajk and b⃗ is a vector of corresponding right hand side terms
bk

ajk =

∫
r dr dz

(
∇⃗r,zξj · ∇⃗r,zξk

)
, bk = 2

∑
a

qa
∑
ia

wiaξk(xia) , (2.18)

and α⃗ consists of time dependent coefficients from the finite element discretisation of the po-
tential (2.11).

Since the coefficients matrix A only depends on the grid, we can choose a method with a
reasonably expensive setup procedure, because we can expect that, for the selected grid, we
must solve (2.17) more than 104 times.
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Z

R

i

j

Figure 2.4: Example of a grid with three internal electrodes (colored boxes). Grid nodes marked
with open points have the fixed potential of the electrodes. Solid points indicate nodes with a
variable potential. Note, that solid points on the boundary represent a free boundary condition
for a finite elementmethod. On the right boundary, this conditionmimics the situation of infinite
free space. e electrodes absorb incoming all incoming particles, and in certain cases, emit
secondary electrons (see section 2.9).

As the time step is, at least, restricted to ∆t < 1/ωpl, the variation of the right-hand side of
(2.17) and (2.15) are small between consecutive time steps, i.e. on average, the variations of xia

are small compared to the cell size, therefore, the variations of ξk(xia) are also small. us, the
solution from the previous time step is a good guess for the solution at the present time step, i.e.
the natural choice is an iterative method. erefore, our choice is a multi-grid method, because
it is O(N), iterative, and benefits from an accurate setup phase, which should be done only once
for a particular discretization (2.17) of Poisson’s equation.

2.4.1 Multigrid method

In this section, we only describe the general ideas of the method and the potential difficulties
implementing the method. More details can be found in many good books about multi-grid
methods [29, 30, 31, 32].

emulti-grid method is based on several observations. Firstly, equation (2.17) is linear, thus,
once we have an approximate solution x⃗ 0, we can reformulate the problem for solving (2.17) to
solving a correction equation. Let us define the residual, r⃗, as

r⃗ = Ax⃗ 0 − b⃗, (2.19)

here, and in the following discussion, A and b⃗ are the same as in (2.17). en, the correction
equation is

Aδ⃗ = r⃗ (2.20)
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Due to the linearity of (2.17) and (2.20), if the correction, δ⃗, is found for some guess x⃗0, then the
solution to equation (2.17) is x⃗ = x⃗0 + δ⃗. Unfortunately, solving equation (2.20) is as difficult as
solving (2.17), if both are considered on the same grid.

Secondly, the classic iterative methods (i.e. Gauss-Seidel iterations) for solving (2.17) dump
the residual (i.e. r⃗) non-uniformly in the spatial frequency domain. e residuals for the high
spatial frequency components reduce very rapidly, requiring only a few iterations. But, the
residuals of the low frequency components reduce very slowly. is is a consequence of the
local nature of iterative algorithms based on matrix spliing.²

irdly, the linear system (2.17) represents a discretization of Poison’s equation. Because
the numerical scheme used for discretization of the initial equation is an approximation, i.e. the
accuracy of a numerical solution increases with the increase of the grid resolution, the solution
of the same equation on a coarser grid should be reasonably close to the solution on a fine grid,
if both grids have comparable resolution.³

erefore, aer several iterations of a relaxation algorithm, such as Gauss-Seidel, for equa-
tion (2.17), the residual, as defined by (2.19), has only low spatial frequency components (i.e.
it is “smooth”). Hence, the residual can be accurately represented on coarser grid. en, the
correction equation (2.20) can be solved on the coarse grid. Aer the solution for the correction
equation is found, it can be interpolated on the fine grid. is procedure allows the low spatial
frequency components of the residual to converge quicker, because, on the coarse grid, they
correspond to the high frequency components.

ese observations can be summarised by a two-stage iterative algorithm. First, the relax-
ation algorithm is applied to the previous approximation of solution.

x⃗ i
h = Sh(Ah, b⃗, x⃗

i−1
h ) (2.21)

Here Sh(Ah, b⃗, x⃗
i−1
h ) – the relaxation operator, which is based on an approximate solution of

equation Ahx⃗
i−1
h = b⃗ on the fine grid, Ah is the coefficients matrix on the fine grid being the

same as in (2.17). e main purpose of this step is to significantly decrease the high spatial
frequencies components of the error. Fast convergence is not required for this step.

en, the residual is computed and interpolated on the coarse grid.

r⃗h = Ahx⃗
i
h − b⃗ (2.22)

r⃗2h = IT r⃗h (2.23)

Here IT is the transpose of interpolation operator from coarse to fine grids. Note, that the
values defined on the fine grid have subindex h, while the values defined on the coarse grid have
subindex 2h.

²With our definition of support functions there are, at most, nine non-zero coefficients in each row of matrix A.
erefore, the number of iterations required for one location in the grid to influence another location is about the
distance between the two grid locations (counted in grid points) for the Gauss-Seidel or Jacobi methods. Hence, errors
with a large spatial scale are removed last.

³Interestingly, if the same reasoning is applied recursively, then it is worth starting with a very coarse grid and grad-
ually increasing the grid resolution. is is the basis of the so-called full multigrid approach, which allows a very good
first guess (i.e. x⃗0) to be obtained for the solution of equation (2.17). However, for our task, the best first approximation
is the solution of Poisson’s equation from the previous time step.



2.4. Poisson solver 29

Hence, aer interpolation, we obtain a correction equation on the coarse grid.

A2hδ⃗2h = r⃗2h (2.24)

here A2h is the coefficients matrix on the coarse grid, constructed from the interpolation oper-
ators and Ah. If we substitute (2.23) and (2.27) into (2.20), we obtain

A2h = IAhI
T (2.25)

Note, that A2h and Ah are different matrices. However, for the appropriate choice of grids
and interpolation operators, equation (2.24) is significantly simpler (i.e. it can be solved faster,
because of smaller number of unknowns and coefficients) than the correction equation (2.20) on
the fine grid.

Next, the approximate solution of (2.24) can be obtained with the help of some iterative
algorithm, which is denoted here as S2h(A2h, r⃗2h, 0).

δ⃗2h = S′
2h(A2h, r⃗2h, 0) (2.26)

Aer which, the approximate solution of the correction equation is interpolated from the coarse
to the fine grid.

δ⃗h = Iδ⃗2h (2.27)

Once the correction is interpolated on the fine grid, it is added to the current approximate solu-
tion on the fine grid.

x⃗
i+1/2
h = δ⃗h + x⃗ i

h (2.28)

While this step helps to reduce low frequency error components, it also induces some additional
high spatial frequencies due to the interpolation procedure. But, this additional high frequency
error can be effectively reduced by several iterations of the relaxation algorithm on the fine grid.

Note, that operators Sh, S′
2h and S′′

h can represent different solution methods, e.g. Gauss-
Seidel iterations, Jacobi iterations, conjugate-gradients or exact solver, among others.

x⃗ i+1
h = S′′

h(Ah, b⃗, x⃗
i+1/2
h ) (2.29)

Hence, we obtain the corrected approximate solution x⃗ i+1
h of equation (2.17).

Interestingly, there is no need to solve (2.24) exactly, since even an approximate solution
helps to reduce low spatial frequency components of the error, leading to faster convergence.
Nevertheless, if (2.26) is solved exactly, then only the interpolation error defines the convergence
rate of the method. erefore, accurate and efficient interpolation operators are critical for the
overall convergence rate.

However, even if the number of the coarse grid points is about a quarter of the number of
points in fine grid (e.g. each grid dimension is halved for a 2D problem), generating an approx-
imate solution of (2.24) can still be a problem. erefore, it is natural to perform the two grid
procedure recursively. e same algorithm (2.21) – (2.29) can be applied aer (2.26) for δ⃗ for
increasingly coarser grids until equation (2.20) is simplified to the limit where it is easily solved,
e.g. up to one linear equation. us, the overall correction scheme literally becomes multi-grid,
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Figure 2.5: Example of grid coarsening (le picture) and inter – grid interpolation with node
weights (right picture). e open points from a fine grid are not represented on a coarse grid,
however the values of these points are used to interpolate from the fine to coarse grids. e
choice of the subset of points for the coarse grid is performed according to a set of heuristic
rules (see text for discussion).

since there are many intermediate grids involved.
Each grid level helps to reduce the error in a certain spatial frequency range: the coarsest grid

affects the lowest, while fine grid affects highest spatial frequencies. e interpolation between
grids introduces some error, but this error is local and, therefore, can be effectively reduced
by several iterations of a relaxation algorithm (e.g. Sh), which are performed before and aer
interpolation steps.

To apply a multi-grid algorithm, we need to define the interpolation operators and the grid
hierarchy. ere are many possible ways to do it. We consider briefly only geometrical and
algebraic approaches.

2.4.2 Geometrical multigrid

In the so-called geometricalmulti-grid formulation, the interpolation operators are defined heuris-
tically, since a reasonable choice usually works. In the absence of boundaries, the linear interpo-
lation operator can be constructed easily, but some difficulties are typically met near boundaries.
Due to the recursive nature of the algorithm, incorrectly interpolating near the boundary reduces
the convergence rate significantly.

It should be noted that the support function (i.e. ξi(x) from (2.11)) from the finite element
discretization is continuous, so values that do not fall on grid points can be calculated. It is natu-
ral to use this information to define the interpolation operator everywhere on the grid, including
boundaries, without resorting to heuristic rules. is method is used in the algebraic multigrid
method for finite elements (see discussion below), but for unknown reasons, this approach is not
frequently discussed in the textbooks about geometrical multigrid in the context of interpolation
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near the boundaries.
For our implementation of the geometrical method, we choose to use interpolation based on

finite elements. With this approach we obtained a good convergence rate.
In multigrid methods, grids and the rules for transforming between different grids must

be defined. In the geometrical multigrid formulation, the selection of intermediate grids is per-
formed heuristically from geometrical considerations (see example in Fig. 2.5). For rectangularly
structured grids, a popular choice is to reduce grid spacing by a factor of two, but many other
approaches are also possible [32]. In many cases, the choice of a factor of two allows supe-
rior convergence rates to be obtained. But, this choice leads to severe problems for irregularly
spaced or highly anisotropic grids, because the grid properties are not taken into account by the
interpolation operator.

Unfortunately, the laer issues with irregularly spaced grids are important for our study.
An irregularly spaced grid can be rescaled by factors of two with the help of so-called line-
smoothers, i.e. that the iterative relaxation algorithms (e.g. Sh from the previous discussion) are
applied grid-line-wise instead of point-wise. But, this is overkill in the case where the irregular
portion of the grid is small compared to the full grid. A mixed approach, where line-smoothers
are applied to a part of the grid only, is very inconvenient, because it requires either, a very
robust algorithm, which can classify the grid automatically, or a significant amount of manual
classification for every case.

It is also difficult to build a grid hierarchy for domains that have a non-rectangular shape,
or for rectangular domains that contain internal structures (like electrodes). For example, if the
potential of some white grid points in Fig. 2.5 is fixed, e.g. these points belong to an internal
electrode, then the coarse grid cannot be defined by uniformly reducing the grid spacing by a
factor of two. is issue can be addressed with the help of the capacity matrix (see below) while
keeping the grid rectangular. Such an approach, however, requires solving the Poisson equation
twice.

By the capacity matrix, we mean the following: equation (2.17) is linear, therefore it can be
inverted, i.e.

x⃗ = A−1⃗b (2.30)

Let us choose a subset of grid points (x⃗set), for which we want to keep the potential at a prede-
fined value, i.e. these points represent electrodes.

Due to the linearity of equation (2.30), the potential values at this set of point can be wrien
as follows

x⃗set = x⃗oset + Cb⃗set (2.31)

Here x⃗oset is the contribution to x⃗set from all other grid points, b⃗set are the components of the
right hand side of equation (2.17) that correspond to x⃗set, and C in the capacity matrix, i.e.
x⃗set = x⃗oset if the charge density in the grid points corresponding to x⃗set is zero.

Hence, if the capacity matrix is found, the algorithm is the following. One should solve
Poisson’s equation, then find the appropriate b⃗set for the desired potential x⃗ tset in the selected
set i.e.

b⃗set = C−1(x⃗ tset − x⃗oset) , (2.32)

and then solve Poisson’s equation (2.17) once again with the right hand side modified by the
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corrected charge density obtained from (2.32).

2.4.3 Algebraic multigrid

An alternative formulation is the so-called algebraic multigrid (AMG) In this approach, the in-
termediate coarse grids are selected according to some heuristic rules, but, in contrast to ge-
ometrical multigrid, the coefficients matrix itself is also taken into account. Because of bulk
and complexity of these heuristic rules please refer to the specific literature (e.g. [31, 33]) for a
review.

As the coarse grid points are selected, it is possible to construct an interpolation operator
that minimizes the additional interpolation-induced error on the fine grid. us, the grid irreg-
ularity and grid locations with bad convergence (e.g. free boundary conditions or the axis in RZ
geometry) can be taken into account in interpolation operators, which improves the stability of
the method, albeit at the cost of a small decrease in the convergence rate.

In our case, the coefficients matrix in (2.17) comes from the finite element style discretization.
For this case there are several recipes for generating an interpolation operator. We choose to use
AMG for finite elements (i.e. AMGe), we have not tried other possibilities (such as AMG pre-
conditioned Conjugate Gradients) since the selected method already shows good performance.

e AMGe [34] approach proposes building a set of elements on the base of coarse points.
is method offers a procedure to create an efficient interpolation operator, i.e. it induces a small
additional error, but it is not very computationally demanding. But, as a downside, it requires
that the element information be stored and propagated to different grids. For the first coarse
level, propagating the elements does not cause any problems. But, on the subsequent levels, the
elements might be required to take on very complicated shapes, and dealing with these shapes
is problematic.

Fortunately, there are element-less AMGe methods [35], which allows the interpolation op-
erator to be built from the matrix structure, without explicitly using the elements. Such an
interpolation operator has similar qualities to the original AMGe and eliminates the need to
deal with some geometrical elements, leading to an algorithm that is simpler to program and
support.⁴

We programmed custom implementations of the geometrical multi-grid and element-less
AMGe. For the rectangular domain with an irregularly spaced rectilinear grid, our implementa-
tion of the geometrical multigrid is faster than our implementation of AMGe. But for domains
with internal structures (e.g. probe, grid etc.), the approach of a geometrical multigrid, coupled
with a capacity matrix requires solving Poisson’s equation twice and multiplication of dense ca-
pacity matrix by the part of the solution vector, the perfomance penalties due to these additional
steps are typically very significant. erefore, by default the element-less AMGe solver is used
in the program.
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check for collision

call filter function

check for cell change, compare 
time to-flight and Δtout

find intersection 
with cell boundary

update predicted location 
and time-to-flight

predict collision location

predict next location

call collision handler

save fitered particles to file,
drop uninteresting particles
 (e.g. slow H2)

check for wall hit
save particle in 
local thread "hit" buffer

time-to-flight > 0

next iteration

Save particle 
in local thread buffer

No collision

filtered

hit

True

cell changed

start: load particle

Figure 2.6: Flow chart for particle mover component of the code. e outer loop over all particles
is not shown.
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2.5 Particle mover

e particle-mover code component of the flow-chart (Fig. 2.3) is presented in Fig. 2.6. Since all
components of the code are 2DRZ it is convenient to rewrite equation (2.14) inRZ coordinates

r̈ =
v2θ
r

− q

m

∑
j

αj
∂ξ(r, z)

∂r
(2.33)

z̈ = − q

m

∑
j

αj
∂ξ(r, z)

∂z
(2.34)

∂(rvθ)

∂t
= 0 (2.35)

here r, z, and vθ are the coordinates and tangential component of the velocity of the particle. For
clarity, the index that denotes the particle is omied. Simple time discretization for this equation
is used everywhere except near axis cells.

rn+1 = rn +∆tvnr +
1

2
∆t2

 (vnθ )
2

rn
− q

m

∑
j

αn
j

∂ξ

∂r
(rn, zn)

 (2.36)

vn+1
r = vnr +∆t

 (vnθ )
2

rn
− q

m

∑
j

αn
j

∂ξ

∂r
(rn, zn)

 (2.37)

zn+1 = zn +∆tvnz − 1

2
∆t2

q

m

∑
j

αn
j

∂ξ

∂z
(rn, zn) (2.38)

vn+1
z = vn+1

z −∆t
q

m

∑
j

αn
j

∂ξ

∂z
(rn, zn) (2.39)

vn+1
θ = vnθ

rn

rn+1
(2.40)

In the cells on the axis of symmetry, the terms proportional to (vn
θ )2

rn can become large, leading
to an inaccurate solution. To overcome this issue, instead of equations (2.36), (2.37) and (2.40),

⁴Actually, the element-based variant can be more convenient then element-less variant, if the sequence of grids is
constructed from coarsest to finest, which can be the case when an automatic meshing algorithm is used.



2.6. Sources of ionized species 35

the particle motion is treated in 3D in these cells, i.e.

x = rn +∆tvnr (2.41)
y = vnθ∆t (2.42)
rn+1 =

√
x2 + y2 (2.43)

vn+1
x = vnr −∆t

q

m

∑
j

αn
j

∂ξ

∂r
(rn, zn) (2.44)

vn+1
r =

x · vx + y · vnθ
rn+1

(2.45)

vn+1
θ =

y · vx − x · vnθ
rn+1

(2.46)

(2.47)

As discussed in section 2.1.1, if the energy conserving scheme is used directly, it produces a
lot of noise in the electric field, which may induce numerical heating. To overcome this issue we
use sub-stepping. If a super particle⁵ travels over the cell boundary during one time step, this
time step is divided into at least two sub-steps, one to travel from the current position to the cell
boundary and the other to travel in the other cell.

To implement sub-stepping, each particle has its corresponding time-of-flight, ∆t, which is
initially set to the current time step value. For each iteration, the ∆tout required for a particle
to leave the current cell is calculated by solving equations (2.36) and (2.38) for ∆tout with the
cell boundaries for zn+1 and rn+1. If ∆tout > ∆t, the moving step is complete, and a sub-step
is not required for this particle. For ∆tout < ∆t, the particle crosses a cell boundary. In this
case, the particle is first moved to the cell boundary in a step of ∆tout, followed by a step of
∆t′ = ∆t−∆tout. ∆tout and∆t′ are sub time steps.

It is possible that a particle is moving such that it crosses more than one cell boundary during
its time-of-flight. erefore, the procedure described above is iterative: a new∆tout is calculated
from the cell boundary, and if∆t′ < ∆tout, another sub-step is generated. is is repeated until
a final step that does not cross a cell boundary is obtained. On completion, the sum of the sub
time steps equals the simulation time step value.

During a time step, a particle may hit the wall, or collide with a background gas molecule.
Furthermore, fast particles, near the space charge barrier, or plasma sheath region can also gain
or lose a significant portion of their energy. erefore, we check for collisions during each sub
time step as indicated in Fig. 2.6.

2.6 Sources of ionized species

Since our aim is to describe a radiation induced pulsed plasma, there are two main sources of
ionized species in the model: photoionization in the volume, and ions created by the secondary
electron flux from the irradiated surface.

In this section we only describe how new super particles are introduced into the model,
because the collisions between super particles and the background gas are included via a Monte

⁵In the following text we use ”particle” and ”super particle” interchangeably.
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Carlo collision scheme (see section 2.7). erefore, once super particles are added into model,
generation and relaxation of different ion species through collisions are calculated by the Monte
Carlo scheme.

Photoionization source

Direct photoionization of hydrogen by EUV photons is included as two processes:

H2 + hν → H+
2 + e (2.48)

H2 + hν → H+ + H+ e (2.49)

e energy resolved cross-sections for these processes are taken from [36].
e EUV pulse has a certain temporal profile, spatial profile and spectral distribution. ere-

fore, the number of photoionization events in the volume is computed for each photoionization
process in advance, for a given EUV emission spectrum, according to the integral cross-section.
At each time step we only need to sample the number of photoionization events, weighted by
the temporal and spatial profiles of EUV pulse, while the photon energy is sampled according to
the EUV spectral profile.

e energy of emied electrons is given by the difference between sampled photon energy
and the ionization potential of molecular hydrogen. In turn, the corresponding ions are cold,
because of the large mass ratio between molecular hydrogen and the electron. e velocity
direction of each emied “super” electron (in the sense of distribution (2.9)) is sampled according
to a uniform angular distribution.

For the considered pressure range, the gas is almost transparent. For a photon energy of
92 eV and a background pressure of 22 Pa, one obtains that NH2 × σion = 3 · 10−4 1/cm.

2.6.1 Secondary electron emission source

e irradiation of anymaterial by EUV leads to photoelectron emission, since, formostmaterials,
the work function (W ) is about several eV. e emied electrons are a mixture of primary (i.e.
Eelectron = Ephoton−W ), and secondary electrons. Secondary electrons (SEs) undergo several
inelastic collisions in the solid before emission, thus, the secondary electron energy spectrum is
broad.

e yield and spectrum of SEs depends significantly on the surface conditions [37, 38], since
the absorption length of EUV is highly material dependent as are the scaering lengths of elec-
trons generated by EUV absorption. Furthermore, the emission of secondary electrons is highly
dependent on the energy and occupation of surface electronic states, which are heavily influ-
enced by the physical make up of the surface (e.g., contaminant layers), and the depth depen-
dence of the primary electron generation. us, the SEY and SEE are very difficult to predict
purely on the basis of materials and cross sections. We choose to avoid this by treating SEE and
SEY as free parameters.

For many materials, the energy spectrum of photoelectrons, emied from the surface due to
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EUV irradiation, can be approximated as [39]:

P (E) ∼ E

(E +W )4
(2.50)

Here P (E) is the probability to emit an electron with energy E, from a surface with a work
function,W . For carbonW = 5 eV [40]. For the electrons emied from the surface, we assume
an angular dependence given by a cosine emission law [39].

Because the exact surface conditions are not known and the SE yield is a free parameter,
in our simulations, we do not observe⁶ any significant difference if, instead of (7.3), we use a
measured SE spectrum taken from [37].

2.6.2 Particle source

To aid the process of testing the code, and to provide for vacuum emission, or other arbitrary
ion/electron sources, an arbitrary particle generator is also included. is source samples par-
ticles according to predefined spatial, temporal, and velocity distributions without any relation
to other physical parameters.

2.7 Collisions with baground gas

Let us return to the right-hand side of equation (2.5), which describes collisions. e general form
of the collisional term is complicated, but, fortunately, we do not need to use it. For our case,
only binary collisions of electrons, ions, and fast neutrals⁷ with molecules from the background
gas should be considered, because electron – electron, electron – ion, and ion - ion Coulomb
collisions have a low probability, due to the low plasma density. For the same reason, three body
collisions are neglected. erefore, to introduce collisions, we follow a Monte-Carlo collision
scheme [28].

ere are many different types of collisions possible, e.g. electron induced ionization, exci-
tations, elastic scaering, etc. Hence, the important part of the task is not only to determine if
a collision happened, but also to determine which reaction path (i.e. channel) is followed. Let
σk(v) be the cross-section of the kth collision channel from a total of N , then the average col-
lision frequency for this channel is νk = ⟨σk(v)v⟩n, here n is the concentration of background
gas, and v is the relative velocity between gasmolecules and a super particle, and angled brackets
mean averaging over the velocity distribution.

Since we aim to describe such features as the collisional plasma sheath or space charge poten-
tial barrier, we should take into account the change of the collision frequencies when particles
gain or loose energy due to variation of potential along their trajectory between collisions. e
characteristic time scale for EUV plasma evolution is the EUV pulse duration, which is about

⁶Note that the shape of measured spectrum in [37] might be distorted by amplification, since similar distortion is
described in [39]. is can explain why we do not observe an increase in the accuracy of our simulations when we
sample SEs according to a measured distribution.

⁷e filter function (see Fig. 2.6) is used to control whether fast neutrals are considered in the same simulation as all
other particles or saved to a file. In the laer case, the fast neutrals that were saved to the file are processed aer the
main simulation by the same code, but with large time steps and with disabled code paths for solving Poisson equation
(see Fig. 2.3).
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100 ns, but the maximum collision frequency for electron impact ionization in 3 Pa H2 is about
4 ·107 1/s. Hence, we need to sample collisions, not according to the inverse collision frequency,
but according to the simulation time step, since, during several time steps, the energy of a particle
can change significantly.

Let ∆t be the collision sampling interval, such that ∆t ≪ 1/νk for any reaction channel.
en, the collision probability for the kth channel is pk = nσk(v)v∆t. Note, that there is
no need to compute the average ⟨σk(v)v⟩. Instead it is enough to sample the velocity of the
target particle according to a Maxwellian distribution and compute the relative velocity of the
projectile.

Hence, the probability for one super-particle to undergo a collision during the collision sam-
pling interval is

P =
∑
k

pk = n
∑
k

σk(v)v∆t (2.51)

If the choice of sampling time interval is correct, then P < 1 and the full probability can be
rewrien as 1 ≡ (1 − P ) + P . e part of interval (0,1) with length (1 - P) corresponds to the
case of no collision, and the rest of interval corresponds to the case with a collision. To determine
if a collision happened or not we only need to sample from a uniformly distributed set of random
numbers and test whether the sampled value falls into collisional part of the interval (0,1).

Despite this approach’s simplicity, many different optimizations are possible. ese optimi-
sations redistribute the intervals, which correspond to collision/no collision, over the interval
(0,1). is speeds up looking up collision events (see Fig. 2.7). ere are at least two popular
schemes to determine if a collision occurs. Let us briefly outline the ideas behind these methods.

e Null-collision method [41] implies that for all possible channels, a “no collision” channel
is added. e motivation for adding null reaction channel is to make the probability to undergo
N+1 collisions independent of the projectile velocity. e following condition holds (for correctly
chosen∆t):

max
v

(P ) = ∆t · nmax
v

(∑
k

vσk(v)

)
≤ 1 , (2.52)

in many situations, a much stronger condition holds: maxv(P ) ≪ 1. erefore, let us construct
an additional reaction channel which corresponds to “no collision”

p′ = max
v

(P )− P , (2.53)

then, the probability to undergo this (N+1) collisions during time interval,∆t, is independent of
the particle velocity.

ismethod can be used to speed up the collision look-up, since, in the first place, the random
number should be compared to a precomputed constant maxv(P ), and the most frequent result
is that no collision happened.

While the Null-collision procedure is simple and straightforward, it requires that all partial
probabilities are evaluated to find the proper reaction channel in the case of a collision. is
implies a performance penalty, since collisional cross-sections are, typically, tabulated. us,
the data from many tables should be examined for each collision event. Because the number of
super-particles in a typical simulation is large (e.g. 106), this performance penalty is likely to be
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significant. Moreover, we need to deal with hydrogen, where the number of possible channels
is large.

erefore, we chose the Nanbu method [42], because this method allows a reaction chan-
nel to be chosen first and, subsequently, only the partial probability for this reaction channel
must be evaluated. e laer is very convenient, because, in the case of slow ions, the velocity
distribution of the background gas should be also be taken into account.

As previously, let pk be the probability of the kth collision channel from a total ofN available
channels, then

1 ≡ 1−
N∑

k=1

pk +

N∑
k=1

pk =

N∑
k=1

{(
1

N
− pk

)
+ pk

}
(2.54)

e result of such reordering is presented in Fig. 2.7. e reaction channel and probability can
be sampled easily, if ∆t is chosen in such a way that all pk are smaller than 1/N .

Let r be drawn from a set of random numbers, uniformly distributed over (0,1), then the
channel number k = floor(r ·N). e collision occurs if r − k/N < pk .

0 1

0 11/N 2/N

P1 P2 P3

P1 P2 P3 no collision

Null collision

Nanbu scheme

.... 
PN

.... 
3/N

PN

(N-1)/N

P'

Figure 2.7: Example of the application of scheme [42] compared to the Null collision scheme.
e results of sampling the reaction probability with help of random numbers are the same in
both cases, but the Nanbu scheme allows to select the appropriate reaction channel efficiently.

e limiting time step for this method is

∆tmax =
1

N · n ·maxk,v (σk(v)v)
, (2.55)

which is much larger than the PIC time step appropriate for low pressure, low density plasmas.

2.8 Cross-section set and swarm parameters

e desired property of a low pressure plasma model is a description of experimental results in
terms of measurable quantities. However, the accuracy of the conclusions drawn from numerical
modelling depends on the reliability of the input parameters, which in our case, is the set of
cross-sections for the different channels.
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ere are many cross-sections compilations (e.g. [43, 44, 45, 46]), but their use is not straight-
forward. In experiments, the separation between different reaction channels is not perfect, cre-
ating systematic errors in experimentally obtained cross-sections. ese have a tendency to
accumulate when many measurements, obtained from different experiments, are combined to
generate a set of cross-sections.

Hence, many published sets [47, 48, 49, 50] are fine tuned. e fine tuning is not only in-
tended to reduced the errors from combining cross-sections from different sources, but also to
compensate for model specific inaccuracies. For example, by treating collision kinematics dif-
ferently, one may obtain significantly different results with the same set of cross-sections. is
leads to incompatibility between the cross-section sets from models based on Monte Carlo col-
lision events, and models based on distribution function dipole (or multipole) decomposition.

erefore, the standard necessary condition⁸ for the combination of a cross-section set and a
model is that the swarm parameters (e.g. ionization coefficient, dri velocity etc.) are predicted
by the simulation with reasonable accuracy under relevant conditions.

2.8.1 Swarm experiment

Let us describe, in brief, the swarm experiment (for review please refer to specific literature, e.g.
[52, 53]). A small number of ions (or electrons) are injected into a gas filled tube that has an
external bias applied over its length. e charged particles are accelerated along the tube, and,
depending on the applied bias, generate more charged particles. ese charged particles arrive
at the end of the tube, generating a pulse of current in the electrode. e current is measured as
a function of time, pressure, and bias. e measured time for the current pulse to arrive at the
electrode, and the current pulse’s magnitude allow the average dri velocity, average energy,
ionization coefficient, and many other parameters to be determined.

e main advantage of the experiment is it’s simplicity — it is hard to get it wrong. e
small number of injected particles guarantees that the experiment operates in a linear regime
with negligible effects from charged particle Coulomb force interaction, therefore, the reduced
field strength (i.e. E/N , E – the field strength, N – the concentration of background gas) is
a well defined quantity. Most importantly, the large body of swarm experimental data from
different experimental groups agrees well when experimental conditions are comparable (e.g.,
for the same combination of ion, gas, and reduced field strength).

We tested the consistency of our implementation bymodeling swarm experiments and found
good agreement between the simulation output and experimental values [54] for electron ion-
ization coefficients, electron mobility, and for H+ and H+

3 mobility in hydrogen [55]. ese
results tell us that the combination of the employed set of cross–sections and our model pro-
vides reasonably accurate physical results and can be relied upon over the parameter range that
we explore in chapter 5–7.

2.8.2 Cross-section set

e cross-sections set used in the present model consists of electron collisions with hydrogen,
ion collisions with hydrogen and several neutral–neutral collisions to keep track of fast neutrals.

⁸An interesting discussion and a comparison of cross-section sets is presented in [51]
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Table 2.1: Electron — H2 cross-sections set used in model.
reaction energy loss reference

eV integral differential
elastic scaering

1) e+H2 → e+H2 — [46] [46]
ionization

2) e+H2 → e+ e+H+
2 15.426 [56] [57, 58]

3) e+H2 → e+ e+H+∗
2 → e+ e+H+ +H 18.1 [45]

4) e+H2 → e+ e+H+∗
2 → e+ e+H+ +H 30.6 [45]

vibrational excitations
5) e+H2(v = 0) → e+H2(v = 1) 0.516 [59, 44]
6) e+H2(v = 0) → e+H2(v = 2) 1.0 [59]
7) e+H2(v = 0) → e+H2(v = 3) 1.5 [59]

rotational excitations
8) e+H2(j = 0) → e+H2(j = 2) 0.044 [60]
9) e+H2(j = 1) → e+H2(j = 3) 0.077 [60]

electronic excitations
10) e+H2 → e+H2(B

1Σ+
u ) 12.75 [45] [46]

11) e+H2 → e+H2(C
1Πu) 13.29 [45] [46]

12) e+H2 → e+H2(a
3Πu) 11.72 [45] [46]

13) e+H2 → e+H2(b
3Σ+

u ) → e+H +H 7.93 [45]
14) e+H2 → e+H2(c

3Πu) 11.72 [45] [46]
15) e+H2 → e+H2(d

3Π) 13.6 [45]
16) e+H2 → e+H2(e

3Π) 13.0 [45]
17) e+H2 → e+H2(Lα) 15.0 [47]
18) e+H2 → e+H2(Rydberg. Sum) 15.2 [61, 47]

e list of processes included in the model is presented in Table.2.1 and Table.2.2.
e set for electron – neutral collisions is based on the set of [64]. Despite this set having

a lot in common with an older set from [48], the consideration of the differential cross-section
data significantly affects the simulation results and allows the behavior of the ionization coef-
ficients to be reproduced with beer accuracy for high values of the reduced electric field (i.e.
> 1000 Td).

e set for ion – neutral collisions is based on [62], with the inclusion of more recent mea-
surements for H+

3 destruction (e.g. reactions 13, 14, 15, 16 in Table 2.2) by [63] as indicated
in remarks from [50]. Note, that there is some discussion in [62] about the dependence of the
cross-section for H+

3 destruction on the internal rovibrational state of H+
3 . erefore, the ion

composition for the high energy part of the energy distribution function of the ion flux to a
surface, which is computed in this work, could have a significant systematic error.

e set for neutral – neutral collisions is the most basic and is based on [48]. ese processes
are included because it could be important in experiments with an external bias. H+

3 ions are
accelerated by the external field towards a sample, but a significant fraction of H+

3 ions can be
destroyed in collisions. erefore, it is possible that a directed flux of fast neutrals is produced
(e.g. reaction 11 and 16 in Table 2.2). If neutral – neutral collisions are not taken into account
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Table 2.2: Ion — H2 cross-sections set used in model.
reaction energy loss reference

eV
momentum transfer

1) H+ +H2 → H+ +H2 — [62]
rotational excitations

2) H+ +H2(j = 0) → H+ +H2(j = 2) 0.044 [62]
3) H+ +H2(j = 1) → H+ +H2(j = 3) 0.077 [62]

vibrational excitations
4) H+ +H2(v = 0) → H+ +H2(v = 1) 0.516 [62]
5) H+ +H2(v = 0) → H+ +H2(v = 2) 1.0 [62]
6) H+ +H2(v = 0) → H+ +H2(v = 3) 1.5 [62]

charge transfer
7) H+ +H2 → H +H+

2 — [62]
H+

3 formation
8) H+

2 +H2 → H+
3 +H — [48]

charge transfer
9) H+

2 +H2 → H+
2 +H2 — [48]

vibrational excitation
10) H+

2 +H2 → H+
2 +H2v1 0.516 [48]

collision induced dissociation
11) H+

2 +H2 → H∗+
2 +H2 → H+ +H +H2 2.65 [48]

momentum transfer
12) H+

3 +H2 → H+
3 +H2 — [62]

charge transfer
13) H+

3 +H2 → H3 +H+∗
2 → H2 +H +H+ +H — [63]

14) H+
3 +H2 → H3 +H+

2 → H2 +H +H+
2 — [63]

collision induced dissociation
15) H+

3 +H2 → H+∗
3 +H2 → H+ +H2 +H2 — [63]

16) H+
3 +H2 → H+∗

3 +H2 → H+
2 +H +H2 — [62]

momentum transfer
17) H +H2 → H +H2 — [48]
18) H2 +H2 → H2 +H2 — [48]
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this directed flux of neutrals will be considerably overestimated.

2.8.3 Differential cross-sections

Most electron – neutral [46] as well as some of ion – neutral [65] collisions are anisotropic,
with the anisotropy depending on the impact velocity. e anisotropy is not so important for
large isotropic plasmas, since the anisotropy is averaged by many collisions. Unfortunately, we
need to deal with the situation where a preferred direction exists due to an external bias, and
with physical dimensions that are comparable to the collisional mean free path. Under these
conditions, anisotropic effects could be large.

In addition to anisotropy and as described in detail in [64], the particular choice of the differ-
ential cross-sections significantly influences the simulation results for the ionization coefficient
and the dri velocity. For example, in our simulations of the swarm experiment, if all other
parameters are frozen, the variation of the energy distribution function for electrons, ejected
during ionization could change the value of the simulated ionization coefficient by 30% for E/N
∼ 1000 Td. is is a significant effect, since, in many cases, the simulated current depends ex-
ponentially on the ionization coefficient.

erefore, we use the differential cross-section data, if available, to perform computations of
the collision kinematics. e list of types of collision kinematics used in the model is presented
in Section 2.8.4. is choice, however, has a cost. On the one hand it allows collisions to be
described more accurately, but, on the other hand, the use of the differential cross-section data
significantly expands the parameter space of the model. Hence, it makes it very difficult to
compare sets of cross-sections from different models, because the results depend on the details
of the computational model for the kinematics, which are rarely presented in detail.

2.8.4 Collision types

Aer a particular collision channel is selected, kinematic calculations should be performed. For-
tunately, it is possible to classify all collisions into a small number of corresponding classes.

• ELECTRON SCATTER. For elastic electron – neutral processes there is no need to compute
the relative velocity because the mass difference between the electron and the neutral is
very large. e kinematic computation only has to select a new random velocity according
to some distribution function.

• ELECTRON EXCITATION. is is almost the same as the case for ELECTRON SCATTER,
but energy loss due to excitation is included.

• ELECTRON IONIZATION. For the correct description of the ionization process, the en-
ergy distribution of the ejected electrons must be taken into account. us, the kinematic
computation is more complicated, compared to ELECTRON EXCITATION.

• TWO PARTICLE. Solution of a two body scaering problem with optional energy loss due
to excitations, and ionzation, etc. e main difference from ELECTRON EXCITATION is
that, here, we compute the final state for both interacting particles.
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• TWO PARTICLE FORWARD. For many processes, the relevant differential cross-sections
are not available, but it is known that the reaction products are directed forward in the cen-
ter of mass reference frame. erefore, for this processes, we solve the two body problem,
include energy loss if any, but the scaering kinematics correspond to forward scaering
in the center of mass reference frame.

• CHARGE TRANSFER. Resonant charge transfer collision is backward scaering in the
center of mass reference frame. is is very efficiently modeled by swapping particle
velocities, i.e. no random numbers.

• COLLISION INDUCED DISSOCIATION. Aer collision induced dissociation, the parti-
cles are deflected by very small angles. erefore, this situation is modeled as two body
scaering with frozen velocity directions in the center of mass reference frame.

Please note, that it is natural to describe the kinematics of some reactions (e.g. 13, 14, 15,
16 from Table 2.2) in two steps, where the intermediate unstable products (e.g. H3) are formed
aer the first step. ese unstable intermediate particles are immediately converted to stable
products according to certain branching ratios. is approach has two benefits (a) it reflects the
physics of the processes, and (b) it significantly simplifies the kinematic computations, since at
each step, at most, only the two body problem should be considered. at is far simpler than
accurately sampling a three (or more) body final state.

2.9 Ion induced electron emission

For many combinations of target material and ion type, the electron yield for ion induced elec-
tron emission as function of incoming ion energy is characterized by two distinct regions. For
slow ions, the electron yield does not depend on the ion energy, but depends on the ion ioniza-
tion potential, and target material’s work function [66, 67]. is regime is oen referred to as
potential emission (PE).

In the model, the PE probability to emit an electron per ion impact at the boom electrode
is computed with the following semi empirical formula from [67]

γPE ≈ 0.2

EF
(0.8Ei − 2W ) (2.56)

Here EF is the metal Fermi energy, Ei is the ionization energy of the ion and W is the metal’s
work function. e applicability range of (5.1) is 3W ≤ Ei ≤ (2EF + W ), the accuracy of
this approximation in this range is not beer than 10%. Outside this range, the accuracy of (5.1)
slowly decreases.

In the fast ion regime, the electron yield strongly depends on the incoming ion energy, this
is frequently referred to as kinetic induced emission (KE). For our conditions, the relevant ion
energy range is below 0.5 keV. For this range, the KE probability was measured experimentally
for H+ ions, incident on a gold target [68]. e results clearly shows the transition from PE to
KE region, and that the magnitude of PE is in agreement with that estimated using (5.1).

ere are KEmodels [69], but, they are complicated and require some fiing parameters to be
defined. Since, in our case, the exact surface conditions are not known well, the implementation
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of a KE model offers no benefit over fiing to the experimental data. erefore, we follow the
same approach as in [70]⁹, and uses a function that is fit to the experimental data [71] for KE for
all metallic surfaces.

γKE ≈ 6.2 · 10−5 · (E[eV/amu])1.15 (2.57)

Here E is ion kinetic energy (in eV) per unit mass (in amu) of the ion.
e physical motivation for this approach is the following. For many metals and conductive

materials, the work function (W ) is approximately 5 eV and the quasi-classical threshold of KE is
vi > W/(2kF ), where vi is the ion velocity, and kF is the Fermi impulse. KE depends strongly
on the ion type and the target material, especially for heavy ions. But, in experiments [71] the
KE probability as a function of velocity, varies only by a factor of two or less for H+, H+

2 and
H+

3 for a gold target. Furthermore, in other experiments [72] the same ion species show quite
similar KEs for a broader range of target materials.

Unfortunately, for simulations where ion induced electron emission is a major effect (i.e.
stable glow discharge), the accuracy of these approximations is not sufficient. For such cases, PE
and KE yields should be considered as free parameters with a variation in the range of at least
about a factor of two. Nevertheless, we include these estimates in the model, since we need to
simulate sheath dynamics in a pulsed plasma. For this situation, the inclusion of PE and KE is
motivated by the physics. Furthermore, it increases the accuracy of results, because the above
formulas, in many cases, provide quite reasonable estimates.

2.10 Displacement current

e displacement current is also included in the model. It is computed at each time step as the
numerical derivative of the electric field over each of the electrode boundaries. e inclusion of
the displacement current allows the simulated and experimentally measured discharge currents
to be compared.

⁹For some reason, PE is not included in [70], and KE is approximated as a fit function of ion energy for all hydrogen
ions. In our case, the KE fit used in the present work differs from one presented in [70].





Chapter 3

Test problems

To test our implementation, we simulated several analytically solvable problems. Special aen-
tion was paid to simulations of a vacuum diode in conditions which were far from the saturation
regime, because these simulations provide a benchmark for a situation with significant space
charge effects.

Note, that one of the benefits of these simulations is the overall model integrity check, since
the analytical solution not only predicts the shape of IV characteristic, but also predicts the
absolute current value.

3.1 “Cold” diode

is simulation is intended to reproduce the well known 3/2 law for current density – bias (IV)
characteristics of a vacuum diode when the initial electron energy is negligible [73].

i =
1

9π

(
2qe
me

)3/2
V 3/2

d2
(3.1)

Here i is the current density, qe andme are the electron charge and mass, V is the external bias,
and d, the distance between the electrodes. e configuration of the simulation is presented in
Fig. 3.1. To avoid boundary 2D effects (the 3/2 law is derived for a 1D case), the region where
the current density is sampled is smaller than the electron source.

e comparison between the simulation results and the analytical solution is presented in
Fig. 3.2. e systematic error in the simulation is small and mostly induced by the fact that, for
the case of an initial electron velocity of exactly zero, we would need to use a time step that was
impractically small, and a grid resolution that is too high.

3.2 “Hot” diode

e “cold” diode case, presented above, is not sensitive to the initial energy distribution of the
electrons. Fortunately, there is an analytical solution [74] for a diode where electrons are emied
with a Maxwellian distribution function in the direction normal to the electron source.

dNe ∼ vz exp
(
−mev

2
z

2KTe

)
dvz (3.2)

Despite the fact that this EDF differs from (7.3), it allows the model’s response as function of the
initial electron temperature to be tested.
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Figure 3.1: Sketch of configuration for
diode simulations.

Figure 3.2: Comparison between simulated
and analytical IV characteristics for a vac-
uum diode.

e analytical solution has a form defined by (3.3) – (3.10). e input parameters are (in
CGS units): the saturation current,I0, and the current density, I , and the distance between the
electrodes, d. A set of equations must then be solved to find V for a given I . e solution starts
from determining Vm, the space charge barrier height, and its position, Xm. Aer which, a
reduced dimensionless potential (η) is calculated, and the minimum of the reduced potential, ηm
is used to calculate the bias (3.10).

Vm = −KTe/qe ln
(
I0
I

)
(3.3)

L = 2m1/4
e

( π

2KT

)3/4√
I · qe (3.4)

ξm(η) =

η∫
0

dx√
exp(x)− 1 + exp(x) · erf(

√
x)− 2

√
x

π

(3.5)

Xm =
ξm(ln(I0/I))

2L
(3.6)

ξt = 2L(d−Xm) (3.7)

ξp(η) =

η∫
0

dx√
exp(x)− 1− exp(x) · erf(

√
x) + 2

√
x

π

(3.8)

ξp(ηm) = ξt (3.9)

V = Vm +
KTe

qe
ηm (3.10)

For derivation and discussion of this solution please refer to publication [74].
erefore, we performed simulations with the same grid and time step, while the initial
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Figure 3.3: Comparison between simulated and analytically calculated IV characteristics for
cases with an initial Maxwellian EDF.

value of Te was varied. Comparison between the simulated IV characteristics and the analytical
solution is presented in Fig. 3.3.

ese simulations show that, even in cases where electrons are allowed to travel more than
one cell per time step (1.5 cells on average), the IV characteristic is reproduced correctly due
to sub-stepping. However, for very large time steps, where electrons, on average, travel more
than two cells, the solution’s accuracy deteriorates significantly. is was expected, since sub
stepping is a method to fix problems with numerical heating for a minority of fast particles. Sub
stepping works well if the fast minority of particles, which can travel many cells per time step,
do not affect the potential distribution in the simulation domain. If this condition is violated, the
time step should be decreased.





Chapter 4

Resear goal and experiments selection

e goal of the present work, as discussed in section 1.1, is to calculate the composition and
energy distribution of the ion flux from the EUV induced plasma to the surface. Due to the
pulsed nature of the plasma, the flux depends on the dynamics of the plasma, i.e. ignition of the
plasma by EUV radiation and secondary electrons, and the plasma’s subsequent decay.

To simulate the plasma, a number of parameters are required, e.g. EUV pulse energy, EUV
spectrum, temporal profile of the EUV pulse, SE yield, SE spectrum, cross-sections set etc. Un-
fortunately, many of these parameters are known with poor accuracy and some of them depend
significantly on the experimental setup. Moreover, the model has it own unknown error margin,
since the transient behavior of the model was not checked by the tests, described in Chapter 3.
Furthermore, such tests are impractical since there are no analytical solutions for relevant tran-
sient plasmas

erefore, is very hard to separate the influence of the different processes from model un-
certainties. is is especially true if both factors contribute significantly to the evolution of the
plasma in a given experiment, even if it is performed under a variety of conditions (e.g. for
different pressures).

However, a significant portion of the required parameters (e.g. cross-sections) should be the
same for all relevant experiments. erefore, we considered, at first, simpler experiments, which
(a) include effects that seem to be important for EUV plasma dynamics, and where (b) the most
of the poorly known parameters are excluded, because the corresponding effects are not present
in a particular experimental setup. is route allows us to check many parts of the model and,
therefore, exclude some parameters and hypotheses from consideration in the analysis of EUV
induced plasma simulations.

In most experiments, the EUV power is not known accurately (e.g. within a factor of two),
and the SE yield is also a poorly known parameter. But, both of these factors contribute signifi-
cantly to the plasma formation. Hence, it is very interesting to consider these two contributions
separately (see table 4.1).

Table 4.1: Experiments overview
experiment EUV SE
Discharge ignited by UV laser (MSU) no yes
Plasma in resonant cavity ignited by EUV (TU/e) yes no
Carbon cleaning by EUV induced plasma (ISAN) yes yes

In order to investigate how the secondary electron emission, space charge formation and
electron induced ionization are represented in the model, it is interesting to begin with a pulsed
hydrogen plasma without any EUV at all, Hence, we considered a pulsed hydrogen plasma that
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was ignited by an ultraviolet (UV) laser pulse. e laser pulse excited photoelectrons from one
electrode, which were accelerated towards a counter electrode, generating a plasma through
collisions during their transit.

is plasma has much in common with the EUV-induced plasma, e.g. space charge effects
significantly influence the plasma dynamics, the plasma is transient, etc. But, the UV (∼ 248nm)
photons do not ionize hydrogen and produce only low energy secondary electrons. is elimi-
nates many of the most problematic parameters, such as the EUV spectrum, EUV dose and even
SE yield, because, in the model, SE production is represented as a source of low energy electrons
with a time dependent intensity.

ereby, we checked the ability of the model to (a) deal with space charge, (b) describe elec-
tron impact induced ionization of the background gas with the reasonable accuracy, and (c)
describe ion dri with reasonable accuracy (because the plasma life time is determined by ion
dri from the plasma to the electrodes in the presence of an externally applied electric field). Im-
portantly, these experiments allowed the cross-sections set for electron induced processes to be
chosen. ese cross-sections were used for all further simulations considered in this thesis. e
simulation details and their comparison with the experimental results are presented in chapter 5.

e next step was to consider an experiment with EUV radiation, but without any secondary
electrons. In the general case, even if a spectral purity filter (SPF) is used, the error margin of the
EUV dose, EUV spectrum, (i.e. a poorly known function and a scalar value) must be considered.
Here, we separated the EUV spectrum and EUV dose because they are typically measured by
different equipment, e.g. EUV intensity is measured by the thermal gauge or EUV sensitive foil,
but the EUV spectrum is typically measured by a spectrometer without absolute calibration.

Hence, an experiment with an experimental measurement of the average density of a plasma
ignited by the transmission of an EUV beam through a gas volume provided an excellent way
to test how direct photoionization processes are included in the model. e results of these
experiments are presented in chapter 6.

Finally, we returned to the ISAN experiments with EUV radiation, where the carbon etch-
ing was observed in various conditions. We used the model to calculate the absolute fluxes and
energies of different ion species, because, the model was already tested on the previous two ex-
periments. ese fluxes were then used to gain insight into the physical and chemical processes
that determine the carbon etch rate. ese results are presented in chapter 7.



Chapter 5

Plasma probe aracteristics in low density
hydrogen pulsed plasmas

Abstract

Probe theories are only applicable in the regime where the probe’s perturbation of the
plasma can be neglected. However, it is not always possible to know, a priori, that
a particular probe theory can be successfully applied, especially in low density plas-
mas. is is especially difficult in the case of transient, low density plasmas. Here,
we applied probe diagnostics in combination with a 2D particle-in-cell model, to an
experiment with a pulsed low density hydrogen plasma. e calculations took into
account the full chamber geometry, including the plasma probe as an electrode in the
chamber. It was found that the simulations reproduce the time evolution of the probe
IV characteristics with good accuracy. e disagreement between the simulated and
probe measured plasma density is aributed to the limited applicability of probe the-
ory to measurements of low density pulsed plasmas on a similarly short time scale as
investigated here. Indeed, in the case studied here, probe measurements would lead
to, either a large overestimate, or underestimate of the plasma density, depending on
the chosen probe theory. In contrast, the simulations of the plasma evolution and the
probe characteristics do not suffer from such strict applicability limits. ese studies
show that probe theory cannot be justified through probe measurements. However,
limiting cases of probe theories can be used to estimate upper and lower bounds on
plasma densities. ese theories include and neglect orbital motion, respectively, with
different collisional terms leading to intermediate estimates.

5.1 Introduction

Low pressure (1..100 Pa) low density (ne ∼ 108..109 /cm3) pulsed plasmas are commonly found
in many laboratory experiments. ese plasmas can exhibit complicated behavior because they
can be operated in the non-local and non-stationary regime.

However, in practice, plasmas of this type are frequently investigated with the Langmuir
probe technique. But the application of plasma probe diagnostics is hindered, because it strictly
requires [75, 76] (a) that the plasma is distorted by the probe only locally in awell definedmanner,
and (b) that the evolution of the plasma, excluding the distorted region, is not affected by the
presence of the probe.

Probe diagnostics were initially designed for glow discharge plasmas, where the applicabil-
ity limits could be estimated in advance easily. us, Langmuir probe measurements allowed
plasma parameters, such as the electron density and temperature, to be derived with the help of
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appropriate formulas. However, the probe method does not provide a technique to estimate the
applicability of the method itself.

Nevertheless, in many experiments with a lower density plasma there is not enough informa-
tion to justify the probe method beforehand. us, the plasma parameters, which are obtained
from probe measurements with help of probe theory, are used to evaluate the methods applica-
bility.

Applying a probe theory outside of its applicability limits leads to errors in the plasma pa-
rameters derived from the measured probe response. Frequently, in day to day practice, the
probe method validity is estimated from two observations: (a) the probe I – V characteristic
should have distinct ion and electron contributions, and (b) the plasma size should be at least a
factor of 100 larger than the estimated Debye length [76]. However, these parameters, derived
from the probe measurements, have a tendency to support the validity of the probe method, e.g.
if the derived electron density is overestimated for a low density plasma (see section 5.4.4 for
example and discussion), the second condition is satisfied in most cases.

In order to overcome these difficulties, we propose to use a combined approach, where exper-
iments and simulations are coupled as tightly as possible, with the full experimental geometry
included in simulations. In these simulations, the plasma probe is included as an additional elec-
trode. By including the probe in the model, any effect that it has on the plasma is naturally
included in the dynamics. is approach does not have any of the restrictions discussed above.

In general this requires a 3D plasma model. Such simulations are extremely time consuming,
but, fortunately, it is possible to reduce the model dimensions by using of an axis-symmetrical
configuration for the experimental setup. is allows a 2D cylindrically symmetric model to be
used for the plasma simulation, which is much faster than a 3D model.

In this paper, we show that, especially in the case where the spatial homogeneity of the
plasma cannot be easily verified, one needs to be very careful interpreting the results from
probes. We consider a discharge that produces probe characteristics with the proper response.
Using several probe theories (see below), we show that they all self consistently report densities,
temperatures, and dimensions that would lead one to conclude that the probe theory is correct.
However, not only are these theories mutually inconsistent, a 2D PIC model of the same plasma
shows that the probe theories are highly likely to be inconsistent with the experimental plasma
densities as well. e difference between the PIC model and the probe theories was aributed
to the distortion of the plasma by the probe, and to transient plasma dynamics.

5.2 Experimental setup

e interior configuration of the vacuum chamber, in which the low density H2 pulsed plasma
was generated, is presented in Fig. 5.1. e chamber was pumped with a turbomolecular pump
to keep the residual gas pressure lower than 0.003 Pa. During experiments, hydrogen flowed
through the chamber at several sccm, controlled by a gas flow meter. e hydrogen pressure in
the chamber was varied in the range of 0–60 Pa.

e aluminum electrodes are circular plates with a 10 cm diameter. e distance between
the electrodes can be varied in the range of 2–5 cm. In the experiments, the boom electrode
was negatively biased at -200–0 V, while the top electrode was grounded. e bias was kept at a
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Figure 5.1: Configuration of the experimental chamber. e electrodes are 10 cm in diameter
and separated by 5 cm. e plasma probe passes through the center of the top electrode and
is 3 cm from the boom electrode. e open end of the probe is 1 cm in length and 0.5 mm
in diameter. e remainder of the probe is covered by a dielectric with a length of 1 cm and a
diameter of 1.3 mm. e plate holders and chamber walls are not show, because the vacuum
chamber is large (cylinder 20 cm in diameter and 20 cm in height).

constant value during the plasma ignition and decay. e plasma was ignited by the photoelec-
trons emied from the boom electrode during the UV laser pulse. Most of these electrons are
reflected back to the boom electrode by the space charge field. e electrons which pass the
potential barrier, are accelerated by the applied bias field and ionize the background gas, thus
igniting the plasma.

A KrF excimer laser (LPX210) was used as the source of the UV radiation that produces
photoelectrons at the boom electrode. e temporal profile of the laser pulse consists of a
short pulse with a full width half maximum (FWHM) of <50 ns and a tail, extending up to
200–300 ns in duration (see Fig. 5.2). e pulse energy, incident on the boom electrode, was
approximately 10 mJ/pulse, which was only 20% of total laser pulse energy. Approximately the
same fraction of the total laser energy was reflected to a detector by a beam splier to control
the laser pulse energy during the experiment. e laser beam was passed through a diaphragm
to obtain a uniform intensity distribution with a diameter of 1.3 cm at the boom electrode. e
laser light was incident at an angle to the electrode aer entering the chamber through a quartz
window.

e plasma probe was installed along the symmetry axis of the chamber. e probe was
0.05 cm in diameter and 1 cm long, the glass shield that covers the rest of the probe was 0.13 cm
in diameter. e probe measurements were automated with a NI-DAQ card and specially devel-
oped signal processing unit (SPU), consisting of a trans-impedance isolated amplifier, differential
amplifier, and probe bias control. is unit allows probe currents down to 10 nA to be measured
in the band of approximately 6 MHz. e signals amplified by the SPU were transferred to an
oscilloscope (Tektronix TDS3032). e overall control of measurements and the experimental
setup was performed with a computer program via the NI-DAQ card, as well as GPIB, and RS232
interfaces. e obtained data were stored on a server for further analysis.
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5.3 Model

e plasma was modelled using a two-dimensional (rz cylindrically symmetric) particle-in-cell
(PIC) model. e plasma species include electrons, H+, H+

2 and H+
3 as particles for accurate

description of processes in the plasma sheath. Our model follows the general PIC scheme, de-
scribed elsewhere [28].

e combination of measurements and simulations of discharge characteristics and plasma
probe measurements allows the number of free parameters to be reduced. ese parameters (e.g.
ion induced electron emission yield, photo electron yield, initial electron energy distribution etc.)
are required to perform simulations, but the range of values found in literature are typically too
large for accurate modeling. It is worth noting here that many such parameters are intrinsically
setup dependent (i.e. the photo electron yield could be very sensitive to the surface conditions).
us, preferably, such parameters should be measured.

An accurate measurement of all unknown parameters is oen unfeasible. To solve this is-
sue, the model was developed in parallel to the experimental setup. us, many of the unknown
parameters were obtained with reasonable accuracy using the results from simple experiments,
which were performed as a test procedure during the construction and calibration of the exper-
iment.

UV laser and electron spectrum used as input to the model

In the experiment, an excimer laser, operating at a wavelength of 248 nm, generates photo-
electrons from the boom electrode. In the model, this process is included as a photoelectron
source on the boom electrode. On each time step, when the laser is active, photoelectrons
are released from the irradiated part of the boom electrode to the computational domain. e
amount of injected electrons is linearly proportional to the instantaneous laser intensity. e
electron energies are sampled according to a distribution, as discussed below. e velocities of
the injected electrons are distributed according to a cosine law relative to the normal direction
to the boundary.

e initial electron energy distribution and the temporal profile of the laser pulse are im-
portant parameters that significantly influence the plasma that is formed later. Under vacuum
conditions, where no plasma is ignited, the temporal profile of the current contains information
about the laser pulse shape and the effective photoelectron yield. We used this experiment and
the following physically motivated choice of parameters to define the effective electron source
for the model.

e laser energy per pulse in the experiment was 10 mJ. e typical photoelectron emission
yield is estimated to be 10−4–10−3 electrons/photon [25], thus, the maximum collected charge
is approximately 20–200 nC. However, in the experiment, the collected charge per pulse under
vacuum conditions was approximately 0.2 nC. Hence, the space charge current limiting was very
high during the main part of the laser pulse.

e space charge potential barrier formation leads to a locally high electron density. e
electrons, which are trapped by the barrier, have small energies, thus, Coulomb collision pro-
cesses should dominate. From a computational point of view it is not reasonable to compute
the full collision kinetics of the cold electrons, since it is known to lead to the formation of a
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Maxwellian tail in the energy distribution, and the detailed kinetics depend on the exact initial
distribution and photoelectron yield, which are not known. us, a Maxwellian function was
taken as the initial electron energy distribution function (EEDF).

e effective temperature for this EEDF was heuristically chosen from two observations.
Firstly, the boom electrode was made from aluminum, which might by partially oxidized. A
number of values for the work function of this material have been reported, the lowest of which
is about 4 eV [40]. Secondly, since the photoelectron yield is not known precisely, we only need
to find a reasonable combination of effective temperature and yield to reproduce the charge-
bias characteristic, as measured experimentally under vacuum conditions. us, the effective
temperature for EEDF was chosen to be 0.5 eV, and the value for photoelectron yield was fine-
tuned from the measured vacuum charge bias characteristics of the system. Because of the
significant space charge screening, the sensitivity for the particular choice is small.

A scan over laser pulse energies from 3 mJ to 15 mJ was performed to ensure that the ex-
periment was stable. It was found that the vacuum discharge characteristics have the lowest
sensitivity to the laser power variation near 10 mJ/pulse. However, while the integral value was
stable, there were signs of higher order processes (e.g. two photon photoelectric effect), since
the value of the vacuum current peak changed near a laser pulse energy of 6 mJ (see Fig. 5.2).
ese experiments were included into the fiing procedure, and it was found that while for all
energies below 6 mJ/pulse the above described procedure produced consistent results, it was
not possible to reproduce the current peak value for 10 mJ/pulse and above due to space charge
screening. For this reason, a very small amount of 4 eV electrons, with a yield of approximately
10−8, was added to the electron source to describe the case of 10 mJ/pulse laser energy.

As mentioned above, the laser pulse shape has a tail (up to 300 ns) in comparison to the 60 ns
main pulse (See Fig. 5.2). is tail plays a very important role in plasma formation as discussed
in section 5.4.1. Unfortunately, the radiation intensity in the laser tail was too low to accurately
measure with our equipment. is fact also suggests that one should not expect a space charge
effect. For this reason, the EEDF for the electrons generated by the tail of the pulse is constant
for all electron energies less than 1 eV, and zero for higher energies.

A fiing procedure was used to derive the laser tail shape from the measured discharge
characteristics in vacuum. During this procedure the pulse shape was represented as the sum of
the measured laser pulse and a tail. e electron yield was chosen such that it reproduced the
peak current value and the tail current simultaneously.

Ion induced electron emission

It is important to take into account ion induced electron emission, since free electrons are accel-
erated by the electric field to the top electrode and produce additional electrons and ions through
impact ionization. e electrons produced through impact ionization contribute significantly to
the later dynamics of the plasma and should be taken into account.

e boom electrode in the experiment was biased at -200 — 0V, therefore, the maximum
ion energy is about 200 eV. For this energy range, the ion induced electron emission can be
represented as a sum of potential emission (PE) and kinetic-induced emission (KE) [68, 71]. e
PE yield is determined by the combination of the ion and target material, however, for the slow
ions it is independent of the ion velocity. But, the KE yield (see below) strongly depends on the
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ion velocity.
In themodel, the PE probability to emit an electron per one ion impact at the boom electrode

is computed with the following semi-empirical formula from [67]

γ ≈ 0.2

EF
(0.8Ei − 2W ) (5.1)

Here EF is the metal Fermi energy, Ei is ionization energy of the ion andW is the metal’s work
function. e applicability range of Eqn. 5.1 is 3W ≤ Ei ≤ (2EF + W ), the accuracy of this
approximation in these range is not beer than 10%. Outside this range, the accuracy of Eqn. 5.1
slowly decreases.

e top and boom electrodes (see Fig. 5.1) are made from aluminum. e tabulated values
for aluminum are EF = 11.7 eV, W = 3.8–4.5 eV. e large spread in work function can be
aributed to a combination of the effect of the surface crystalline structure [40] and of surface
oxide, which can lead either to an increase or a decrease of the observed work function, depend-
ing on the exact conditions [77]. e plasma probe is made from molybdenum, which has a
Fermi energy and work function of EF = 6.8 eV,W = 4.2–4.6 eV [40, 78].

For a hydrogen plasma there are three types of ions possible. e ions have ionization en-
ergies of: H+ 13.6 eV, H+

2 15.4 eV, and H+
3 3.6 eV. e value used for H+

3 here is the ionization
potential for a long lived H3 taken from [79]. is definition of H+

3 ionization energy is less
than twice the energy of the work functions of aluminum or molybdenum, thus, H+

3 does not
produce any potential emission. Hence, the PE probability for H+ is approximately 0.04± 0.02

on aluminum and 0.06 ± 0.02 on molybdenum, while for H+
2 — 0.07 ± 0.02 on aluminum and

0.1 ± 0.02 on molybdenum. In these estimates we included an error of at least 10% due to the
approximation used and further 10% error due to the poor knowledge of work function.

ere are complicated KEmodels [69], but they require some fiing parameters to be defined.
Since the exact surface conditions are not known well, the same accuracy is obtained by simply
fiing to experimental data [71]. erefore, we follow the same approach as in [70], and use a
fit to the experimental data [71] to determine for KE for all metallic surfaces.

γKE ≈ 6.2 · 10−5 · (E[eV/amu])1.15 (5.2)

Here E is the kinetic energy of the ion per ion mass.
e physical motivation for this approach is as follows. For many metals and conductive

materials, the work function (W ) is approximately 5 eV and the quasi-classical threshold of KE
is vi > W/(2kF ), here vi is the ion velocity and kF is a Fermi impulse. KE depends strongly
on the ion type and target material, especially for heavy ions. But, in experiments [71], the KE
probability, as a function of velocity, varies only by a factor of two or less for H+, H+

2 and H+
3

(for a gold target). Similar experiments indicate that, for a given ion species, KE is similar for a
broader range of target materials [72].

In our simulation, the use of an ion-type-dependent ion-induced electron emission coeffi-
cient leads to time-dependent ion-induced emission, because, just aer the UV pulse, the main
ion is H+

2 and the ion induced emission coefficient is large. However, due to a very efficient
ion conversion reaction H+

2 + H2 → H+
3 + H, the role of ion-induced emission significantly de-

creases aer a characteristic ion conversion time.
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Although the approximations for PE and KE are rather simple, they provide reasonable esti-
mates of ion-induced emission. For instance, this simple model allows us to distinguish between
a discharge initiated by a laser pulse without a tail and a large ion-induced emission coefficient,
and the case with a smaller ion-induced emission coefficient and a laser pulse with a tail (as in
Fig. 5.3).

length scales, grid resolution

e spatial resolution of the rectilinear grid is chosen to resolve two main characteristic length
scales: the space charge potential well and the Debye length. e space charge potential well
length scale can be estimated from the analytical solution for a 1D diodewith aMaxwellian initial
electron energy distribution [74]. In the considered case, most photoelectrons are reflected back
to the surface. us, it is possible to simplify the formulas from [74] and obtain

zm ≃ 0.1 cm× (T [eV])3/4

(I[mA/cm2])1/2
(5.3)

Here, T is the initial temperature of emied photoelectrons, I is the current density near the
cathode and zm is the distance from the cathode and the boom of the space charge potential
well. For T ∼ 0.5eV and I ∼ 2mA/cm2, one obtains zm ∼ 0.04 cm. Since the UV spot diameter is
much larger than the estimated zm, the zm length scale should only be resolved in the z direction
near the boom electrode. For the plasma region, the grid cell size is estimated as the Debye
radius, rD , for a plasma with ne ∼ 109 /cm3, and Te ∼ 0.5 eV, which corresponds to rD ∼
0.02 cm. We ran several tests to ensure that the grid resolution does not affect our results.

e displacement currents to the probe and electrodes are also included in the model. ey
are computed at each time step as the numerical derivative of the electric field over each of the
electrode boundaries. Inclusion of the displacement current allows direct comparison between
the simulated and experimental discharge currents.

To calculate the production of the different ion species, a set of the cross-sections for the
hydrogen chemistry was assembled from the several sources. e data from [48] was used as a
base, and extended using the work of [62], [64].

e procedure described in [42] is used to perform Monte Carlo collisions with the back-
ground gas. is procedure allows a reaction channel to be chosen before sampling the reaction
probability, which offers significant performance improvement compared to the Null collision
scheme [41].

We neglect the formation of H−. e cross-section of dissociative electron aachment is
significant only if H2 is high vibrationally excited (e.g. v = 4) [44]. However, the density of
H2 molecules in these states is expected to be very low, since the corresponding cross-sections
of the direct excitations are small [59]. e stepwise excitations are expected to give negligible
contribution due to small ratio of the concentrations of vibrationally excited H2 and H2 in the
ground state.

We tested the consistency of our implementation bymodeling swarm experiments and found
good agreement with experimental values [54] for electron ionization coefficients, electron mo-
bility and for H+, H+

3 mobility in hydrogen [55].
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5.4 Results and discussion

5.4.1 disarge aracteristics

Let us begin with the analysis of the discharge characteristics of the experimental setup without
a plasma probe.

During the laser pulse, only a small amount of photoelectrons enter the chamber because
of the space-charge-induced potential barrier. is barrier is not just due to the electron cloud
trapped near the boom electrode, but is built up by all the excess negative charge present in the
chamber. Hence, simulations under vacuum conditions (i.e., no plasma) provide a good estimate
of the temporal profile of the laser pulse, but they are not very sensitive to the magnitude of
electron emission. In the model, the temporal profile of the laser pulse was fine-tuned such that
it reproduced the current maximum for the case of 30 Pa, -200 V bias. is was sufficient to yield
good agreement with experimental data for the maximum current under all other considered
conditions.

Figure 5.2: Discharge current in vacuum conditions, -200V bias. Laser pulse temporal profile
for 10 mJ/pulse (inset). e current due to the main laser pulse is in the saturation regime.
e difference between 6 mJ/pulse and 10 mJ/pulse peak currents can be aributed to some
higher order effects, since the peak values for 3 mJ/pulse and 6 mJ/pulse are very close. Step-like
current tail is due to laser tail. e current tails for 10mJ/pulse and 14 mJ/pulse are very close in
magnitude, justifying the choice of 10 mJ/pulse as the energy for experiments. e simulation
data correspond to the fine tuned laser pulse shape (see text) for 10 mJ/pulse. e temporal pulse
shape of the laser, as measured by the detector is presented in the insert.

e current as function of time for -200 V bias at different background pressures is presented
in Fig. 5.3. e laser pulse tail (see Fig. 5.2) produces a significant contribution to the plasma
formation (see comparison of cases with and without tail in Fig. 5.3). is happens because
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Experiment Simulations

Figure 5.3: Discharge current as function of time for various hydrogen pressures. e tail of
discharge is shown in inset in the same units as main plot. Note, that the laser pulse tail (see
Fig. 5.2) produces a significant contribution to plasma formation, as suggested by comparison of
simulation results for 30 Pa with and without laser pulse tail.

the electrons produced during the body of the laser pulse provide ionization in the chamber,
which leads to the formation of the plasma. e presence of this plasma changes the potential
distribution inside the chamber, leading to an increased field strength near the boom electrode,
which, in turn, increases the efficiency of ionization, thus, enhancing the effect of the laser pulse
tail.

Despite reproducing both the slope of the current increase, and the current maximums for
both pressures, the magnitude of the simulated discharge tail is about 30% lower than in the
experiment. Agreement between our simulations of the discharge tail, and the experimental
data can be obtained by varying the tail of the laser pulse. Under these conditions, however,
the peak position and width of the current were significantly distorted at pressures of 30 Pa
and 60 Pa. Alternatively, increasing PE and KE also yields a discharge tail in agreement with
experimental data. is, however, results in unrealistically high ion induced electron emission
yield for H+

3 ion (e.g. ∼ 0.05 electron/ion on average). Moreover, the model fails to reproduce
the Langmuir probe measurements in this case.
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erefore, the disagreement between the model and experimental data is probably due to an
accumulation of minor differences between the input parameters of the model and the exper-
iment. ese could be, for example, the laser spot size, uncertainties in the cross-sections set,
pulse-to-pulse variations of laser pulse tail, etc.. Nevertheless, the 30% difference between the
plasma model and the experimental data is reasonably accurate for the probe simulations.

5.4.2 plasma scalability

Additional experiments were performed to study the plasma scalability for different distances
between electrodes, with fixed pd parameter (here is p — hydrogen pressure, d is the distance
between electrodes) and fixed reduced electric field strength E/p = Ubias/(pd). e integral of
the discharge current for different distances between the electrodes is presented in Fig. 5.4. e
obtained plasma did not scale with pd parameter. It showed that dynamic effects were important
in plasma generation.

Figure 5.4: Collected charge for different distances between electrodes, but constant pd (for
d = 5cm, p = 30Pa).

5.4.3 Axially symmetric plasma probe

To make a detailed investigation of plasma evolution the plasma probe diagnostic was used. e
probe was installed on the symmetry axis of the chamber to allow direct simulations of the probe
characteristics with the 2D plasma model.

e probe measurements were performed at 30 Pa and 60 Pa hydrogen, the bias between
the electrodes was -200 V in both cases. e simulated and measured probe characteristics were
shied by 1 V for 30 Pa and by 2 V for 60 Pa. is shi could have numerous causes, therefore,
the measured probe characteristics were shied by these values to the negative probe voltages.
e measured probe characteristics and the comparison with the simulations are presented in
Fig. 5.5 and Fig. 5.6. All presented simulations use the same initial input data apart from those
varied in the experiments.

To take into account the characteristic response time of the SPU, the simulated probe re-
sponse was numerically convoluted with C · exp(−t/t0), here t0 ∼ 100 ns is the SPU response
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time and constant C is chosen such that the collected charge is preserved during numerical
integration.

e agreement between the simulated and measured probe characteristic is good up to 2.5µs
aer the start of the UV pulse for the both pressures. At later times, the agreement is worse, due
to the response of the simulated probe changing because the tip of the probe is no longer in the
region containing a plasma (see Fig. 5.8). e transition of the probe from inside to outside the
plasma (for the case of 30 Pa) occurs between 2.5 µs and 3.5 µs, however, the exact transition
time is very sensitive to the model input parameters. Aer the transition (4.0-4.5 µs, 30 Pa, -
200 V), the good agreement between the measured and modeled ion contribution to the probe
characteristic is restored. Furthermore, despite the plasma no longer covering the entire probe,
the probe response appears normal.

For the case of 60 Pa, -200 V (Fig. 5.6), the transition occurs later due to a larger contribution
from collisions with the background gas. erefore, the ion part of the probe characteristics for
4.5 µs for 60 Pa slightly deviates from the experimental one, while for 30 Pa the agreement is
good.

e electron contribution to the simulated probe characteristics in Fig. 5.5 deviates signifi-
cantly from the experiment occasionally from 2 µs onwards for a pressure of 30 Pa. But, at 60 Pa
(Fig. 5.6), the deviation of the electron part is much smaller and only pronounced from 3.5 µs
and for a probe bias larger than 5 V. ese differences can be aributed to the combined effects
of the uncertainties in electron – neutral cross-section set and some secondary effects (e.g. re-
flection of electrons from the aluminium surface), which are not taken into account. However,
the simulations accurately reproduce the transition from the ion part to the electron part of the
probe characteristic in both cases.

Interestingly, the apparent shi of the probe characteristic in Fig. 5.6 with time is reproduced
by the model. Usually such a shi in the stationary plasma conditions may be explained by
partial presence of the probe in or near the plasma sheath. However the reason of the shi in
the case of a pulsed plasma may have other causes. As is seen in Fig. 5.9, the change of the sign
of the probe current can not be explained by the presence of the probe in the sheath.

However, the shape of simulated plasma distortions depends on the dimensions on the probe.
We simulated the plasma evolution with ten times thinner and two times shorter probe. We
found that, although the distortion of the plasma around the probe was different, it was still
significantly distorted. e shape of distortion was similar to described in [80].

Interestingly, for the ten times thinner probe the role of ion neutral collisions are expected
to be of the same importance for the analysis of the probe response as for the used probe. e
size of plasma sheath near the probe is determined by the the Debye length of the plasma. For
the considered conditions, it can be estimated as λD ∼ 0.23mm (i.e. for ne ∼ 5 · 108 1/cm3 and
Te ∼ 0.5 eV). erefore, we do not expect the sheath size to decrease significantly for a probe
with a radius of 0.025 mm as compared to 0.25 mm for the same probe biases. Hence, the number
of the collisions in the probe sheath should be comparable in both situations.

erefore, the application of a smaller probe in the considered discharge does not necessarily
lead to negligible distortion nor to transition from collisional to collision less ion currents to the
probe.
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5.4.4 Comparison between computed plasma density and that derived from
measured probe aracteristic

e 2D particle-in-cell simulations showed that probe diagnostics are not well suited to the
considered plasma, because the plasma is spatially inhomogeneous along the probe length (see
Fig. 5.8 with probe and Fig. 5.7 without probe). However, it is still interesting to apply probe
theories to the measured probe characteristics, since in the general case, the distortion of the
plasma by the probe is not known in advance. Furthermore, the probe response appears to be
normal with distinct ion and electron parts, which would normally be used as evidence that
probe theory can be applied.

We applied the Bernstein-Rabinowitz-Laframboise (BRL) [81], Allen-Boyd-Reynolds (ABR)
[82, 83] and Talbot and Chou theory [84] modified by Tichý et al. (TCT) [85] to analyze the
probe I – V characteristics. We used the ESP_BRL and ESP_ABR programs [76] to obtain BRL
and ABR fits for the probe characteristics. e fit results are presented in Table.5.1. e electron
temperature in the simulations aer 1 µs was approximately 0.3 eV for 60 Pa and ∼ 0.5 eV for
30 Pa. is corresponds to the estimate from the probe response, but the simulated EDF has a
non-Maxwellian tail due to the presence of an external bias.

e most abundant ion in the considered conditions is H+
3 [62]. e mobility of this ion

in H2 increases with increasing ion energy, due to a local minimum in the effective momen-
tum transfer cross-section around 0.8 eV [62] in the center of mass reference frame. e energy
range, where mobility changes significantly is smaller than the absolute value of the probe volt-
age. Modification of the probe theory to include variable collisional cross-sections is out of the
scope of this paper, since this effect is included in the PIC model. erefore, we performed the
fiing procedure using the TCT theory with a collisional correction corresponding to the zero
field mobility of H+

3 in H2, and for increased mobility, the corresponding reduced mobilities are
∼11.3 cm2/(V·s) and ∼16 cm2/(V·s). e resulting ion densities obtained are presented in the
Table 5.1.

It is also worth noting that an a posteriori estimate of the applicability of the probe method
can lead one to incorrectly assume that a chosen probe theory is appropriate. Consider that,
in the cylindrically symmetric setup here, the plasma density and radius can be estimated from
the probe response via the BRL and TCT theories. e radial dimension of the plasma can be
estimated to be r ⩾

√
Qc/(πqe Ni d) = 1.5 cm, where Qi ∼ 4 nC (see Fig. 5.4), d = 5 cm is

the distance between the electrodes, and Ni is the density estimate obtained from the chosen
probe theory. erefore, we conclude (incorrectly) that the ratio of radial plasma size to the
Debye radius is, in this case, at least 75, based on an estimated plasma density of 7× 108 1/cm3

from probe theory. From the arguments above, it would be argued that the probe theory will
provide reasonable estimates of the plasma density. However, this conclusion is wrong, since
the simulations show that the plasma density varies significantly near the probe.

e differences between predictions of the different theories are large (see Table 5.1). eBRL
results correspond to the upper estimate of the plasma density, while ABR provides the lowest
estimate for all probe biases. e results obtained with help of TCT theory tends to provide
intermediate results. Similar trends are commonly reported elsewhere (for example in [86, 87]).

Nevertheless, as reported in [86, 87, 88], the plasma density tends to be between the results
of BRL and ABR in many different experiments. Furthermore, the plasma density estimates
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Table 5.1: Comparison of the ion density obtained from the simulations to the calculated with
help of the different probe theories from the measured probe response

BRL ABR TCTb) simulation
timea) Te [81] [82, 83] [85] with probec) no probed)
µs eV plasma density 108/cm3

30
Pa

1 0.5 7.5 1.4 6.5 – 9 1 — 5 3 — 5
2 0.3 5 0.6 3 – 5 1 — 5 2.5 — 4.5
3 0.3 3 0.5 1.2 – 2 0.5 – 5 2 — 4.5

60
Pa

1 0.4 6 1 4 – 7 1 — 5 1 — 2.5
2 0.3 3.5 0.4 1 – 2.5 1 — 5 1.5 — 2.5
3 0.3 2 0.3 0.7 – 1.0 0.5 – 5 1.5 — 2.5

a) Time is relative to the start of the UV pulse.
b) e lower estimate of the ion density corresponds to the lower estimate of the reduced
mobility of H+

3 in H2 (see text).
c)e simulated plasma density near the probe significantly depends on the probe bias. e
lower limit corresponds to the spatial minimum of the plasma density for a bias of -32 V on the
probe, the upper limit corresponds to the spatial maximum plasma density for 0 V on the probe.
Both minimum and maximum values are estimated in the quasi neutral region of the plasma.
d)e plasma density is sampled over the region corresponding to probe position in
experiments and simulations with probe.

from many collisional probe theories are also bounded by the density estimates of BRL and
ABR. Hence, it is reasonable to take the difference between the density estimates of BRL and
ABR as an approximation of the error margin of the probe measurements if the validity of the
probe theory for the case of the plasma in question has not been validated by some independent
numerical or experimental technique.

e present study shows, that in spite of the plasma’s significant spatial inhomogeneity, the
probe can still have the expected response with distinct ion and electron parts. e simula-
tions showed that, even when the probe tip is outside of the plasma, the probe response varies
smoothly in time (see Fig. 5.8). ese significant distortions can not be easily deduced from the
probe response alone.

erefore, an independentmethod for evaluating the applicability of the probemethod should
be used, e.g. optical emission spectroscopy. If independent diagnostics can not be applied, we
recommend to estimate the uncertainty as the difference between the fit results of BRL and ABR.

5.5 Conclusions

In this paper, we have reported the results of a comparison between the predictions of a 2D PIC
model, and experimental measurements of a low density transient plasma.

Our 2D PIC model of the plasma evolution takes into account the full geometry of the cham-
ber. erefore, it allows other experimental data, such as discharge characteristic measurements,
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to be used to verify assumptions about unknown and/or poorly known parameters, and to check
the applicability of the model itself on the integral parameters before analysis of the complicated
plasma probe characteristics.

Our results show good agreement between time resolved simulated and measured probe
characteristics for two pressures with the same parameter set. is shows that the simulated
plasma parameters, such as electron and ion densities, can be relied upon, because, in our simu-
lations, the probe was included as an electrode. erefore, the interaction of the probe with the
plasma is taken into account directly.

Our measurements also show that the measured probe characteristics have the proper shape
with distinct ion and electron contributions, which would normally be taken as a sign that the
parameters estimated from probe measurements would be accurate.

Nevertheless, probe theories, in the case of a low density non-stationary plasma, should be
used with caution. Because, our simulation results demonstrate that, even in the case where the
distortion of the plasma by the probe is obviously large (see Fig. 5.8), the probe response appears
to be normal. erefore, the application of the probe theory may yields misleading results,
which in our case, is the overestimation of the plasma density by a factor of three to seven along
the surface of the probe for the BRL and TCT theories and significant underestimation of the
maximum plasma density by the ABR theory.

Hence, in the general case, the application of probe theory cannot be justified by probe mea-
surements alone, and an other method should be used to verify the results of the probe method.
If independent diagnostics can not be applied, we recommend to estimate the uncertainty as the
difference between the fit results of BRL and ABR theories.
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Experiment Simulations

Figure 5.5: Comparison between simulated and measured probe characteristic for 30 Pa and
-200 V bias. e ion part of the probe (scales: µA vs V) characteristic is shown in the inset.

Figure 5.6: Comparison between simulated and measured probe characteristic for 60 Pa and
-200 V bias. e ion part of probe (scales: µA vs V) characteristic is shown in the inset. e line
legend is the same as in Fig. 5.5.
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Figure 5.7: Electrons and ions (summed over ions types) densities for the different moments of
time from UV pulse start. Simulation for 30 Pa H2, -200 V bias between electrodes without probe
in the chamber.
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Figure 5.8: Electrons and ions (summed over ions types) densities for the different moments of
time from UV pulse start. Simulation for 30 Pa H2, -200 V bias between electrodes and -32 V on
the probe.
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Figure 5.9: Electrons and ions (summed over ions types) densities for the different moments of
time from the start of the UV pulse. Simulation for 60 Pa H2, -200 V bias between electrodes and
-4 V on the probe. e probe current for this condition changes sign from positive at 1.5 µs to
negative at 3 µs, despite the plasma completely covering the probe.



Chapter 6

Exploring the electron density in plasma induced by
EUV radiation:
II. Numerical studies in argon and hydrogen

Abstract
We used numerical modeling to study the evolution of EUV-induced plasmas in argon
and hydrogen. e results of simulations were compared to the electron densities mea-
sured by microwave cavity resonance spectroscopy. It was found that the measured
electron densities can be used to derive the integral amount of plasma in the cavity.
However, in some regimes, the impact of the setup geometry, EUV spectrum, and EUV
induced secondary emission should be taken into account. e influence of these pa-
rameters on the generated plasma and the measured electron density is discussed.

6.1 Introduction

In the semiconductor industry, the photolithography process is used to create paerns on silicon
wafers, an important step in microchip production. Due to diffraction, the characteristic paern
dimensions depend on the illuminating wavelength. However, it is becoming increasingly com-
plicated to further reduce printed feature sizes with deep ultraviolet (DUV) light sources. As a
result, extreme ultraviolet (EUV) lithography, operating at a wavelength of 13.5 nm, is expected
to be used to print integrated circuits with very high resolution features.

For various reasons, a buffer gas is frequently used in both laboratory and industrial EUV
light sources. However, even at low pressure (1 .. 30 Pa), EUV absorption leads to EUV induced
plasma formation. ere is a strong need for reliable diagnostics of EUV induced plasmas, be-
cause the interaction of an EUV induced plasma with the chamber interior and optical elements
can lead to various plasma induced processes, such as surface etching, accelerated deposition of
overlayers, and oxidation, depending on the exact constituents of the background gas [6, 89].

It was shown in [90] that it is possible to measure the electron density of an EUV induced
plasma, at relevant background gas pressures, by measuring the resonant frequency shi of a
microwave cavity that contains the plasma. Although this is a highly sensitive method, it only
allows the field average [91] electron density inside the cavity to be determined.

Nevertheless, it is interesting to know the spatial distribution of plasma in the cavity, the
electron temperature and other plasma parameters. Unfortunately, measuring all the relevant
parameters experimentally is difficult due to the transient nature of the EUV induced plasma. For
example, the insertion of a probe can yield unreliable estimates of plasma parameters for EUV
induced plasmas, since, during and aer the EUV pulse, the probe signal is heavily distorted [92,
93].
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In this paper, we use a particle-in-cell model of the EUV-induced plasma to determine the
spatio-temporal distribution of the electron density, the electron-ion balance, and the influence
that some confounding factors may have on the spatio-temporal distribution of the plasma.
Specifically, we studied how the changes in buffer gas, EUV intensity, EUV spectrum, and sec-
ondary electron emission change the plasma in the cavity.

We found that the EUV-induced plasma can be in a distinct “charged” regime. In this regime
(as opposed to the quasi neutral regime, that corresponds to usual plasmas, such as glow dis-
charges) the quasi neutrality is violated everywhere in the plasma. is regime forms due to the
escape of fast photoelectrons from the plasma to the cavity walls. at leaves a highly charge im-
balanced plasma. Such a plasma is not well suited for study with the microwave cavity method.
However, it happens that such a regime is on the lower boundary of the methods sensitivity.
erefore, it can be easily detected and avoided.

We evaluated the accuracy of the simulations by comparing of the simulated field averaged
electron densitywith the experimentallymeasured electron densities. We show that in the quasi-
neutral plasma regime, the microwave cavity resonance shi provides an accurate tool for esti-
mating plasma parameters, using only the spatial profile of the cavity mode and the EUV beam
profile as input factors. In the charged regime, similar accuracy can only be obtained if on has
knowledge of the EUV spectrum and secondary electron emission among other factors.

6.2 Experiment

e experimental setup is described in detail in Ref. [90]. erefore, here, we provide a minimal
outline of the experimental procedure.

e plasma is ignited in a resonant cavity (see Fig. 6.1 ) by a beam of EUV radiation, which is
introduced along the axis of the cylindrically symmetric cavity with an aperture and beam guide
to prevent residual EUV from being incident on the cavity walls. e EUV radiation is produced
by a xenon based discharge source and propagated through a spectral purity filter (SPF) to limit
the spectrum to photon energies to the range of 70 to 120 eV. e spectrum of the source aer
transmission through the SPF is shown in Fig. 6.2.

e EUV power is monitored using a sensitive thermocouple, aached to a copper disk,
located approximately 2 cm behind the cavity.

As described earlier, the average electron density in the resonant cavity was determined by
measuring the resonant frequency of the microwave cavity (see [90] for details).

6.3 Model

e dynamics of the EUV-induced plasma was simulated using a two dimensional (rz cylin-
drically symmetric) particle-in-cell plasma model with Monte Carlo collisions (PIC-MC). Both
electrons and ions are represented by particles to describe the dynamics of the plasma accurately.
e model follows the general PIC scheme, described elsewhere [28].
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Figure 6.1: Configuration of the experimental chamber. e EUV radiation is introduced via a
spectral purity filter (SPF) along the symmetry axis of the cavity.

6.3.1 Photoionization

e absorption of EUV radiation in the volume is included as a source of slow ions and fast
electrons. To simulate photoionization, we use the measured spatial (axially averaged) and tem-
poral profiles of the EUV pulse (see Fig. 6.5 and Fig. 6.9). We assume that the spatial profile and
spectrum of the EUV source does not vary during EUV pulse.

e spatial and temporal coordinates of electron-ion pairs that are created by ionization
events are added to the simulation domain using a probability distribution function that is
weighted by the spatial and temporal profiles of the EUV pulse. e energy of the injected
electrons is set to the difference between the photon energy, which is selected according to the
EUV spectrum, and the ionization potential of the gas species (H2 or Ar). e the power spectral
density of the EUV beam is recalculated along the z axis to take into account absorption by the
gas between SPF and cavity entrance using the Lambert–Beer law.

e electrons are emied preferentially in the r plane, with a distribution function

P (θ) ∼ 1− β
1

4
(3 cos2 θ − 1) (6.1)

where θ is the angle between electron velocity and EUV beam direction and β is the anisotropy
factor. is form of angular distribution corresponds to photoionization by unpolarized light [94].
For hydrogen we use β = 2, as this agrees with experiments in the energy range of the mea-
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surements. For argon, we use data from [95, 96] for photon energies below 95 eV, and β = 1.3

above 95 eV.
e energy dependent photoionization cross-sections are taken from [36] and [97] for H2.

For argon there are several measurements (e.g. [98], [99] and [100]). We followed the recommen-
dation of [101] and used data from [98] for the total absorption cross-section. e cross-section
for photoionization to Ar++ is taken from [102].

6.3.2 EUV the spectrum

To simulate the EUV plasma ignition, the spectrum of the EUV radiation must be taken into ac-
count. Unfortunately there is no simple experimental method to control the radiation spectrum
in the relevant broad range of VUV to EUV photon energies (15.4 – 120 eV).

erefore, as input for the simulations, we have used the source spectrum, measured before
transmission through the SPF, convolved with the measured transmission spectrum of the Si:Zr
SPF. is results in the EUV spectrum shown in Fig. 6.2.

Figure 6.2: EUV power spectral density (I(E))spectrum as used in the simulations. e right axis
shows the number of direct photoionization events due to transmission of 0.044 mJ EUV through
1 Pa of gas, i.e. I(E) ·N [1Pa] · σ(E)/E, where, σ(E) is the photoabsorption cross-section, E,
the photon energy, and N [1Pa] the number density .

Fig. 6.2 shows that the transmission of the SPF filter in the 20 - 40 eV range, which is in
the range of 1% of the total pulse energy, results in significant additional photoionization. is
additional photoionisation is comparable to the direct photoionization due to the high energy
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part of the spectrum (i.e. 60 – 120 eV), because the photo absorption cross-section is very large
in the 20 - 40 eV range compared to the 60 – 120 eV range.

Although the presence of the radiation in the 20 – 40 eV range has been confirmed by mea-
surements, the absolute accuracy of the transmied spectrum is not accurately known. is
introduces an additional uncertainty into the simulations. Because the accuracy of the measure-
ments of the EUV dose per pulse is also not know, we choose to keep spectrum shape constant
and vary the EUV dose. is approach has the advantage that the integral accuracy of the sim-
ulations can be estimated by the difference between the measured EUV energy per pulse and
that required for good agreement between experiments and simulations for both gases (i.e., we
require that the same EUV power results in agreement between model and experiment over a
range of experimental conditions).

6.3.3 Secondary electron emission and influence of amber configuration

Emission of slow electrons from the walls to the plasma due to any reason can significantly
decrease the plasma potential, or even lead to the collapse of the plasma sheath [103] leading to
effective energy transfer from the electrons to the walls. erefore, it is important to take into
account secondary electron emission (SEE) from the the surfaces that are exposed to the plasma.

For the considered setup, energy is only injected into the plasma during the EUV pulse via
photoionization and photoelectrons emission from irradiated surfaces. erefore, the decrease of
the plasma potential or sheath collapsed due to SEE can result in significant loss of fast electrons
to the walls. Hence, the maximum number of ionization events also decreases.

Secondary electron emission

In order to estimate the role of emission from the aluminum cavity walls due to electron impact,
we have considered three cases. e first corresponds to no secondary electron or ion induced
emission from the walls. In the second case, electron emission due to both electron and ion
impact is taken into account. e data for aluminum shows a significant spread of possible
emission yields. Nevertheless, for the energy range of primary photoelectrons (e.g. 50 – 75 eV)
the reported values are typically larger than 0.3 [104, 105] so we use the yield reported for clean
aluminum in Ref. [105].

e yield also significantly depends on the surface conditions. For aluminum with a native
oxide, the emission yield [106] is significantly higher than for pure aluminum and corresponds
to the yields found for dielectric materials [107, 108]. erefore, in the third case, the yield for
aluminum with a native oxide is used. e yield is estimated from Ref. [106] for energies below
25 eV, and extrapolated linearly for energies above 25 eV.

We do not discriminate between backscaered electrons and true secondary electrons, be-
cause, for our study, only the total flux from the surface is important. In the model, we assume
that most of the emied electrons are cold, i.e. they have a significantly lower energy compared
to the energy of the impacting electrons. However, for electron with energies below 10 eV this
approximation is not valid, due to the higher probability of elastic backscaering. But, these
backscaered electrons do not have sufficient energy to ionize more of the background gas, if
not accelerated by a plasma potential. erefore, the additional error due to this approximation



76
6. Exploring the electron density in plasma induced by EUV radiation:

II. Numerical studies in argon and hydrogen

is expected to be small.

influence of amber configuration

e configuration of the experimental setup is presented in Fig. 6.1. e SPF filter, copper cone
and copper disc of energy sensors emit secondary electrons under EUV irradiation. But, these
electrons do not contribute directly to the ionization inside cavity, because the number of high
energy secondaries is small and the electron flux is not focused.

To estimate the influence of this effect, we have simulated two geometrical configurations: a
large volume, which includes the cone and disc (the doed rectangle in Fig. 6.1), and a small vol-
ume, which includes only the cavity with periodic boundary conditions at the cavity openings.
We have not included the full length of the cone and SPF into simulations, because the aspect
ratio of the cone diameter to length is very small ( i.e. 0.05).

Photo electron emission from surface

In order to model the configuration that includes the cone and copper disc, photoelectron emis-
sion should be taken into account. e energy spectrum of photoelectrons emied from the
copper disk and cone surfaces are calculated from [39]:

P (E) ∼ E

(E +W )4
(6.2)

Here P (E) is the probability of emiing an electron with energy, E, from a surface with a work
function, W . For copper W = 5 eV [40]. For electrons emied from the surface, we assume an
angular dependence given by a cosine emission law [39]. e effective photoelectron yield from
copper was set to 0.05 electron/photon [109].

6.3.4 Grid resolution

e grid resolution was chosen to resolve the Debye length. To estimate the minimum Debye
radius in simulations, we assumed a temperature of 0.5 eV and an estimated maximum plasma
density. e maximum plasma density was estimated from direct photoionization (i.e., Fig. 6.2),
increased by the maximum possible number of impact ionizations that the primary electrons
could generate, i.e., for a 90 eV photon, the photoelectron has an energy of 74.6 eV, therefore,
the maximum number of ions produced by that electron is 5, increasing the plasma density by
a factor of 5. Note, however, that, in the simulation, the contribution of fast photoelectrons is
significantly smaller due to the contribution of inelastic collisions, and that many photoelectrons
escape to the wall before generating the maximum number of ions.

6.3.5 Cross-sections sets

Two independent cross-section sets are used for modelling hydrogen and argon. Both sets con-
sists of electron and ion collisions with corresponding neutrals. e collisions between plasma
species and three body processes are neglected due to their low probability under the conditions
considered here.
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We make use of the procedure described in [42] to perform Monte Carlo collisions with the
background gas. We tested the consistency of our implementation by modeling swarm experi-
ments and found good agreement with experimental values [54] for the first Townsend electron
ionization coefficient, the electron mobility, for H+ and H+

3 mobility in hydrogen [55], and for
Ar+ and Ar++ mobility in argon [110, 111].

Hydrogen

To accurately model electron collision related processes in hydrogen discharges with a Monte
Carlo (MC) model, one needs to take into account the differential cross-sections for ionization
and excitation processes. As described in detail in [64], the particular choice of the angular
dependence of cross-sections significantly influences the simulation results.

For electron – H2 collisions we adopt a set of cross sections found in Ref. [64] with small
corrections. We use an experimentally determined doubly differential cross-section for the elec-
tron impact ionization of hydrogen [57, 58]. Electron elastic scaering and hydrogen electronic
excitations, and angular scaering data taken from [46].

e set of cross-sections for collisions between ions and hydrogen is based on [62] because
this set provides good agreement with swarm data for ions in hydrogen.

We neglect the formation of H−, because the cross-section of dissociative electron aach-
ment is very low, and the density of vibrationally excited hydrogen molecules too low to signif-
icantly contribute to the production of H−.

Argon

For electron – Ar collisions we adopt a set of cross-sections found in Ref. [112, 113]. We add elec-
tron impact ionization of Ar to Ar++ from Ref. [114] to the cross-sections set. We use differential
cross-section data for electron impact ionization from Ref. [115]. e data from Ref. [115] cov-
ers incident electron energy range 17 – 30 eV. To the authors knowledge there is no systematic
differential ionization cross-section measurements for incident electrons in the energy range of
30 – 100 eV. Hence, for energy range above 30 eV, we use empirical formulas from Ref. [116].

We neglect ionization via the metastable argon exited state. e density of metastables pro-
duced in one EUV pulse is comparable to the plasma density (e.g. ∼ 109 − 1010 1/cm3). e
maximum of cross-section for electron impact ionization of the metastable argon exited state is
approximately 10−15 1/cm2 [117]. erefore, the maximum corresponding ionization frequency
can estimated as νi = nσv ∼ 2·103 1/s. e simulated plasma evolution is less than 10 µs, yield-
ing an upper bound of 0.02 ionization events per electron for the step wise ionization. is is
negligible compared to the direct EUV ionization and ionization by fast photoelectrons. More-
over, there is no pulse-to-pulse accumulation because the time between EUV pulses is larger
than metastable’s lifetime due to quenching on the chamber walls.

e set of cross-sections for collisions between Ar+ and argon is based on [118]. For colli-
sions between Ar++ and argon we use data from [119].
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6.3.6 Calculation of the field average electron density

In order to compare the model results with experimental measurements, the simulated spatially-
resolved electron density was averaged over the spatial profile of the resonant microwave cavity
mode as follows.

⟨ne⟩ =
∫
neE⃗

2dV∫
E⃗2dV

(6.3)

e magnitude of the microwave field was very small (mV range), therefore, it was not included
in PIC-MC simulations.

6.4 Results and discussion

e ignition and decay of the EUV induced plasma was simulated for a series of argon and
hydrogen pressures (i.e. 1 Pa, 5 Pa, 10 Pa) to compare with experimental results. e best agree-
ment with experiments for both gases and all considered pressures was obtained in simulations
where we have included the larger chamber configuration, and used a spectrum that includes
a VUV contribution. e comparison between simulated field averaged electron density and
experimental measurements is presented in Fig. 6.3 and Fig. 6.4.

experiments simulations

Figure 6.3: Comparison between the simulated (symbols) and measured (lines, data from part I)
time dependence of field averaged electron densityfor 1 (red), 5 (green), and 10 (blue) Pa hydro-
gen.

In these simulations, we have decreased the EUV energy per pulse to 0.035 mJ/pulse from the
experimentally measured value of 0.044 mJ/pulse. is difference, in combination with ∼ 20%
relative errors for the field averaged electron densities (i.e. in Fig. 6.3 and Fig. 6.4), yields a∼ 50%
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experiments simulations

Figure 6.4: Comparison between the simulated (symbols) and measured (lines, data from [120])
time dependence of field averaged electron density for 1 (red), 5 (green), and 10 (blue) Pa argon.

cumulative uncertainty, which is comparable to the∼30% error margin of of the experiment [90].

6.4.1 Relation of field averaged electron density and simulated values

e cavity method allows the field averaged electron density to be determined. But, the relation-
ship of this quantity to the actual plasma density is not straightforward. During the first 1 µs,
the simulated plasma is much denser than that measured by the cavity. However, as the plasma
expands, the difference between simulated plasma density and cavity measurements becomes
smaller. For 5 Pa H2 at 10 µs, the ratio between the simulated plasma density and that measured
by the cavity is only about a factor of two (see Fig. 6.5).

Nevertheless, the plasma densitymeasured by the cavity is very useful to estimate the amount
of the plasma in the cavity. Let us define the effective volume of the cavity as ratio of the
full number of electrons in the cavity to the cavity measured electron density i.e. Veff =∫
nedV /⟨ne⟩. In simulations, this quantity varies only by about a factor of two during the 10 µs

simulation window (see insert in Fig. 6.5). Moreover, the estimation of the effective volume,
based on the EUV spatial profile (as an approximation to the EUV plasma distribution), and the
spatial profile of the microwave cavity mode (see Part I) agree well with the simulated values
(dashed black line in the insert in Fig. 6.5)

erefore, the amount of EUV induced plasma can be estimated from the measured cavity
response with a relative accuracy of about 30%. Hence, the amount of absorbed radiation can be
estimated with similar accuracy, if the other factors (see below) that effect plasma formation are
eliminated.
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EUV spatial profilene(200ns) ne(10μs)

×10

Figure 6.5: Radial distributions of electron density in the cavity for 5 Pa H2 and the EUV spatial
profile that was used for all simulations. e insert shows the time dependence of the effective
volume probed by the microwave mode. e simulated volume is a solid blue line, while the
dashed black line corresponds to analytical estimation (see text).

e simulated evolution of the effective volume is non monotonic in time. A similar effect
was observed in experiments via the ratio of the electron densities measured using 010 and 110
cavity modes [121]. However, in simulations, the decrease of the effective volume just aer the
EUV pulse is caused by the convolution of the plasma density with the spatial profile of the
microwave mode in the cavity.

6.4.2 Effect of VUV part of the spectrum

As discussed in section 6.3.2, the EUV spectrum aer passing through the SPF (see Fig. 6.2) has
two distinct regions: a low energy (20 – 40 eV) VUV part, and a high energy (60 – 120 eV)
EUV part. Our simulations show that the VUV contribution is needed to produce consistent
results for both gases with the same amount of the radiation dose per pulse. is is because the
average number of ionization events per absorbed photon can be larger than one if the emied
fast photoelectron produces addition ionization events.

In our simulations, the average number of ionizations per absorbed EUV photon was ob-
served to be approximately one for H2 and two for Ar. To obtain the observed electron densities
without including ionization due to VUV, the EUV pulse energy must be increased and set to
different values for argon and hydrogen.

6.4.3 Effect of secondary electron emission due to EUV radiation

Our simulations of the larger, more complete geometry shows that electron emission from the
cone walls and copper disk change of the plasma potential. e large EUV induced secondary
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Figure 6.6: Distribution of the potential, electron density and current direction in the simulation
domain 100 ns (see Fig. 6.9), 5 Pa H2. e arrows shows the direction of the electron current.
e electrons are drained from the copper disc (Z ∼0) into the cavity, leading to a decrease of
the plasma potential (see Fig. 6.7).

electron emission from the copper disk leads to the formation of the space charge potential well
during EUV pulse, see Fig. 6.6. e electron current during the pulse on the symmetry axis of
the system is directed from the copper disk towards the cavity, thus replacing a large portion of
the fast electrons that reach cavity walls. A comparison between the potential in the cavity for
5 Pa H2 for both geometrical configurations is presented in Fig. 6.7. For these simulations, the
electron induced electron emission from cavity walls was set to zero.

Interestingly, the average electron density decreases for argon gas, but increases for hydro-
gen, compared to simulations of the cavity only. In the case of hydrogen, the plasma potential
is smaller than for argon, due to a lower plasma density. at, in turn, leads to a significant loss
of electrons to the cavity walls. Electrons emied from the cone and copper disc are accelerated
into the plasma, compensating for a fraction of the escaped electrons and increase the electron
density.

In contrast to hydrogen, the argon plasma is significantly denser, due to the order of magni-
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Figure 6.7: Comparison of the potential in the center of the cavity as function of time for 5 Pa
H2. e large geometrical configuration includes secondary electron emission from the energy
sensor, which leads to a decrease of the potential in the cavity. A comparison between the field
averaged electron densities in the cavity is shown in the insert. A non-monotonic decrease of
the plasma potential for the large configuration is related to SE emission from energy sensor
and charge redistribution in the cavity. During the EUV pulse, SE emission leads to a significant
decrease of the plasma potential, since the emied SE electrons replace the escaped primary
photoelectrons. Just aer the EUV pulse there are no SEs emied, but some fast photoelectrons
are still present in the plasma, therefore, once these fast electrons escape to the walls the plasma
potential increases temporally.

tude larger absorption of EUV for the same pressure (see Fig. 6.2). Hence, for argon, the relative
charge imbalance between electrons and ions is much smaller than for hydrogen. erefore,
these electrons change the potential landscape of the plasma, increasing the probability of fast
photoelectrons escape to the walls and reducing the average number of ionizations per fast elec-
tron.

6.4.4 Influence of electron induced secondary emission from cavity walls

As discussed in section 6.3.3 one can expect a significant secondary electron emission yield from
the cavity walls under electron impact. However, the inclusion of this effect in the simulations
has a small impact on the plasma formation in the cavity (below 5% for the field averaged electron
density).

It is explained by changes in the plasma potential (see Fig. 6.8). Most ionization occurs in
the region corresponding to the EUV beam. Electrons that escape from the plasma to the region
between the beam and the cavity walls encounter the slow electrons produced on the cavity
walls due to electron impact emission. at lead to formation of a local minimum in the plasma
potential.
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Figure 6.8: Comparison of the radial dependence of the plasma potential at the center of the
cavity with (green) and without SEE (blue) for 10 Pa H2 at 80 ns aer pulse start.

Hence, the potential barrier that electrons in the beam need to overcome in order to escape is
similar for both simulations that include and neglect electron induced emission from the cavity
wall. Moreover, the potential near cavity wall during the pulse prevents the emied secondary
electron from entering the plasma, thus significantly limiting the influence of SEE on the plasma
formation.

6.4.5 High arge imbalance plasma for 1Pa H2

Figure 6.9: Evolution of the charge balance in the center of the cavity for the case of H2. e
charge imbalance for the case of 1 Pa H2 lasts significantly longer compared to other cases.

Interestingly, results for 1 Pa H2, even with inclusion of the VUV part of spectrum, show
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Cavity window radius

Figure 6.10: Radial distribution of electrons and ions in the center of the cavity at 150 ns aer
EUV pulse start.

a significant charge imbalance between ions and electron. Due to the low H2 pressure, the
absorption of EUV radiation is low. e generated plasma has a peak density in the range of
2 · 108 – 3 · 108 1/cm3, see Fig. 6.10. is plasma can generate only a low plasma potential, that
is not enough to confine high energy primary photoelectrons. As result, aer the EUV pulse, a
significant fraction of electrons leaves the plasma.

e ratio of the ion density to the sum of the ion and electrons densities as a function of
time are presented in Fig. 6.9. For all simulated cases, in the beginning of the pulse, many fast
electrons leave the plasma, creating an excess of ions. Aer the pulse, the simulation show that
the plasma returns to quasi-neutrality (i.e. ni/(ni + ne) ∼ 0.5), except for the case of 1 Pa H2 .
In the case of 1 Pa, the generated plasma remains significantly charged, which leads to a faster
decay, due to Coulomb repulsion on the time scale of 1 µs.

6.5 Conclusion

We simulated the evolution of an EUV induced plasma in a microwave resonant cavity. During
simulations we observed that the cavity measured electron density can be used to estimate the
integral amount of ionization in the cavity.

We show that these estimates are reasonably accurate (< 30% for the considered conditions).
is is even the case for estimates that use only the spatial mode profile of the microwave cavity
mode and the EUV spatial beam profile. erefore, a suitable microwave cavity can be used as a
valuable diagnostics tool for EUV induced plasmas.

However, the cumulative uncertainties of the SPF transmission and the possible error margin
in the measurements of the EUV source spectrum are important for the analysis of EUV plasma
formation in hydrogen and argon. is is due to the rapid increase of the absorption cross-
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section with decreasing photon energy. Even 1% transmission of the SPF filter in the range of
20 – 30 eV has a significant effect on the EUV plasma formation. Moreover, the same spectral
range is very important for surface chemistry processes, because the photo-absorption cross-
sections are typically very large (e.g. the convolution of the cross-section with the spectrum can
be similar for in-band EUV and out-of-band VUV).

e effect of VUV is likely to be significant, because most laboratory sources are discharge
based with grazing incidence collector optics, which, without special care will have a significant
amount of VUV. erefore, in laboratory experiments, the EUV spectrum should be measured
aer the SPF filter, otherwise the remaining VUV radiation can induce a substantial systematic
error.

Last but not least, it is important to take into account the EUV (or VUV) induced secondary
electron emission (SE) form cavity and/or surroundings. is emission changes the potential
distribution in the cavity and, hence, changes the generated plasma density, which further com-
plicates the analysis of the cavity response.

Nevertheless, in case the radiation spectrum and secondary electron emission are known
through additional measurements, the microwave cavity response may prove to be a very accu-
rate tool for estimating plasma parameters and related phenomena.
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Chapter 7

Numerical and experimental studies of the carbon
eting in EUV-induced plasma

Abstract
We have used a combination of numerical modeling and experiments to study carbon
etching in the presence of a hydrogen plasma. We model the evolution of a low density
EUV-induced plasma during and aer the EUV pulse to obtain the energy resolved
ion fluxes from the plasma to the surface. By relating the computed ion fluxes to the
experimentally observed etching rate at various pressures and ion energies, we show
that at low pressure and energy, carbon etching is due to chemical spuering, while at
high pressure and energy a reactive ion etching process is likely to dominate.

7.1 Introduction

Many vacuum mirror optical tools suffer from the build-up of carbon contamination due to
cracking of hydrocarbons under powerful vacuum ultraviolet radiation [122]. e large absorp-
tion of EUV radiation by carbon becomes significant in the case of multi-element optical systems,
where throughput can be greatly reduced by even a very thin layer of carbon contamination on
the top of each mirror.

e problem of EUV induced carbon contamination has been addressed in a series of publi-
cations [123, 10, 124, 89]. e reduction of carbon films in a hydrogen atmosphere or hydrogen
plasma has also been extensively studied [125, 126, 127, 128, 129]. Despite numerous studies,
however, it is still difficult to predict the carbon removal rate, because there are many contribut-
ing factors. Several aspects that significantly affect the carbon removal rate include: many dif-
ferent allotropes and compounds of the carbon (e.g. so black or hard graphite), many different
contributing reaction paths (e.g. physical spuering, chemical spuering, reactive ion etching
etc.), and, last but not least, small admixtures to the background gas, which, while residing on
the carbon surface, can produce reactive species once irradiated by EUV. Despite this complex-
ity, experiments have shown that carbon etching can be achieved under certain EUV-induced
plasma conditions. Nevertheless, it has proven difficult to fully understand the etch process, be-
cause the characteristics of the EUV-induced plasma are poorly known, and the plasma-surface
interaction has many contributing factors [129].

In this paper, we use a model of the EUV-induced plasma to numerically analyse the fluxes
from the plasma to the sample surface. Our model is a self-consistent 2D Particle-in-Cell model
of the weakly ionized low pressure hydrogen plasma that is formed during the EUV pulse due to
ionization by EUV photons and secondary electrons from the surface. As described in Section 7.3,
our model provides an accurate estimate the ion flux composition and energy distribution. How-
ever, a considerable number of parameters required for accurate simulations are not well known,
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therefore, the modeling results were combined with experimental observations. With the aid of
simulations, we show that the shape of the energy distribution function of the ion fluxes in the
considered experimental setup are mainly defined by the setup geometry, background pressure,
and externally applied bias voltage. e ion dose, on the other hand is sensitive to the variations
of many other parameters (e.g. EUV dose, secondary electron yield, etc.).

By combining the computed energy distribution function of the ion flux with the experi-
mentally measured ion dose, insight into the mechanism for carbon removal was gained. By
analysing the differences in yield between EUV-induced plasma and surface wave discharge
plasma experiments in combination with numerical simulations, we show that chemical sput-
tering dominates for low pressures and energies. It was found that the carbon removal yield for
both the surface wave discharge and EUV-induced plasmas was similar in the overlapping en-
ergy range. Hence, the effect of the EUV radiation on carbon removal is found to be significantly
smaller than was estimated previously [129].

7.2 Experimental setup

e ISAN EUV experimental setup is based on a tin EUV radiation source, which is a Z-pinch dis-
charge plasma with 1500 Hz repetition rate, which has been described in detail elsewhere [93].
is source is a good tool for exploring EUV-induced surface processes over a large number of
pulses (> 1 MShot). In brief, EUV radiation is introduced into a so-called “clean” chamber (see
Fig. 7.1), separated from the source and collector optics by a Si:Zr spectral purity filter (SPF). e
clean chamber is differentially pumped to pressure of 3.5× 10−8 torr. Under vacuum condi-
tions, the background hydrocarbon carbon growth ratewasmeasured to be 0.4±0.2 nm/10Mshot.

e diameter of the EUV beam at the sample was 5 mm. In addition to the direct beam, some
scaered EUV radiation was also incident on the sample. e EUV pulse duration is about 100 ns
(FWHM), with a tail, as described in [15].

e incident EUV power was measured using a sensitive thermo-couple aached to a thin
copper disk. It was found that the radiation intensity was 0.13 W/cm2 aer the SPF and ap-
proximately 0.75W/cm2 without the SPF. e ratio of EUV intensities with and without the SPF
corresponds to the calculated transmission of the 100 nm Si:Zr SPF filter over an energy range
of 60 to 100 eV (see Fig 7.2).

e EUV intensity on the sample decreases with time because of carbon growth on the SPF
filter and focusing optics. In later experiments, the EUV intensity was measured to be 0.1W/cm2

aer the SPF.
During the experiments, the hydrogen pressure was set in the range of 2.8 Pa – 86.5 Pa.

To ensure that each radiation pulse excited a plasma in an atmosphere dominated by hydro-
gen, hydrogen flowed through a liquid nitrogen trap (to remove water) and into the chamber at
100 liters×torr/minute .

To control the energy of the ion flux, the sample holder assembly was biased in the range of
-200 – 0 V, while all other metallic electrodes were grounded. e samples consisted of carbon,
deposited by magnetron spuering on a silicon wafer to a thickness of ∼30 nm. Each sample
was exposed to the 107 EUV pulses at a different combination of bias and hydrogen pressure.
Aer exposure, the amount of carbon removedwasmeasured by X-Ray fluorescence (XRF) (EDS)
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Figure 7.1: Configuration of the experimental chamber. e metal cylinder inner diameter is
28 mm, the sample holder diameter is 18 mm, the inner radius of dielectric mica diaphragm is
8 mm, the distance from sample to grid is 2.4 cm, distance between the grid and SPF is 1.5 cm.

analysis and spectroscopic ellipsometry.

7.3 Model

A two dimensional particle in cell (PIC) model with rz geometry was used to model the experi-
ment. Our model follows the general PIC scheme, described elsewhere [28].

Ionization is initiated by an EUV pulse, which directly ionizes the background gas, and pro-
duces electrons by photo emission from the SPF and the sample. is process leads to the for-
mation of an EUV induced plasma in the chamber. e ionization and photo-emission process
and their inclusion in the model is described below.

Although the plasma is continually re-ignited by the pulsed EUV radiation, we consider each
EUV pulse to induce a plasma in a cold neutral gas that is at equilibrium, because the character-
istic time of plasma decay in the given geometry is about ∼ 20µs, which is much shorter than
the 660 µs between pulses. e restoration of thermal equilibrium in the background gas is also
much shorter then the time between pulses.

7.3.1 Chamber configuration

e configuration of vacuum chamber is presented in Fig.7.1. Because the chamber is axially
symmetric, it is possible to include the structure of the internal chamber in the simulations. To
accurately model the plasma dynamics when the sample is biased, the space between the SPF
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and the metal grid is included in our simulations. e grid is included in the model as a number
of metallic rings. When a bias is applied to the sample, ions from the plasma, which is formed
between SPF and metal grid, are pulled towards the sample.

7.3.2 Deielectric model

In the experiment, a dielectric mica diaphragmwas used to prevent EUV radiation being incident
on the sample holder structure, thereby decreasing electron emission from the sample holder
structure. erefore, allowing plasma parameters to be estimated from the discharge charac-
teristics of the sample. In the model, this feature is included with a simple dielectric model: a
dielectric is not conductive, it can accumulate charge and the secondary electron yield under
EUV irradiation is order of magnitude lower than for the sample.

e electron reflection and secondary electron emission under electron impact (SEE) are
included in the model. ese two processes are combined into SEE with the probability (P (E))
defined as follows.

P (E) = p0 +
Ee

E1
(1.0− p0) (7.1)

Here E – is the energy of incoming electron. e parameters of the used mica are unknown,
therefore, we choses E1 = 45 eV and p0 = 0.7, these parameters corresponds to linear fit for
SEE yield for quarts in [130].

is approximation blends between significant slow electron backscaering for low energy
electrons and secondary electron emission for higher impact energies. We do not use higher
order approximations, since both effects are known to depend strongly on the surface condi-
tions [131, 130].

is model for the dielectric is over simplified, but sufficient to allow us to to take the out of
focus EUV radiation, which is incident on the diaphragm, into account in a consistent manner.

7.3.3 Length scales and grid resolution

e time evolution of one EUV pulse has two distinct stages: negative space-charge dominated
during the beginning of the EUV pulse, and decay of the positively charged plasma aer the
pulse [22].

In order to model the negative space-charge dominated part of the plasma evolution, the
potential well near the surface, which is formed by the electrons that have escaped to the volume,
must be resolved. e length scale of the space-charge potential well depends on the energy
distribution of photoelectrons from the surface and on the current which passes through the
system.

For the purpose of estimation, it is possible to simplify the formulas from [74] and obtain

zm ≃ 0.1 cm× (T [eV])3/4

(I[mA/cm2])1/2
(7.2)

Here, T is the initial temperature of the emied photoelectrons, I is the current density near
the cathode, and zm is the distance from the cathode to the boom of the space charge potential
well. For T ∼1 eV and I ∼20 mA/cm2, one obtains zm ∼0.02 cm.
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For the plasma dominated part of the plasma evolution we need to resolve the Debye length
in the volume, and also have a finer grid near the surface to resolve the plasma sheath.

From the EUV intensity (∼0.02 mJ per pulse) and background hydrogen pressure (2.8 Pa,
11.2 Pa), the plasma density can be estimated to be about 109 cm−3. For Te ∼0.5 eV and Ne ∼
109 1/cm3 one obtains RD ∼0.015 cm, which is comparable to the space charge length scale
estimated above. To achieve this, the grid is refined near the sample surface and SPF. e mini-
mum grid cell size is 0.05×RD , and is gradually increased in steps of 5% until the bulk cell size
of 0.5× RD is reached. Several tests were performed to ensure that the chosen grid resolution
does not affect the plasma dynamics.

7.3.4 photo-electron emission

e energy spectrum of photoelectrons emied from the SPF and sample surface are calculated
from [39]:

P (E) ∼ E

(E +W )4
(7.3)

Here P (E) is the probability of emiing an electron with energy, E, from a surface with a work
function, W . For carbon W = 5 eV [40]. For electrons emied from the surface, we assume an
angular dependence given by a cosine emission law [39]. For purpose of estimation, we used the
same approximation for the spectrum of photoelectrons emied from the dielectric.

7.3.5 EUV spectrum and photoionization

To calculate the distribution of ion species, the spectrum of the EUV radiation must be included
in the model, along with the energy-dependent cross sections for each photoionization process.
Direct photoionisation of hydrogen by EUV photons is included as two processes:

H2 + hν → H+
2 + e

H2 + hν → H+ + H+ e

e photoionisation cross-sections were taken from [36].
In the experiment, the EUV spectrum was measured (green curve Fig. 7.2) and found to be

in agreement with data from [15]. e EUV spectrum, however, was measured before reflection
from the Zr collector mirrors, and transmission through the SPF.

e calculated transparency curve that was provided with the Si:Zr SPF was used to calculate
the EUV spectrum aer transmission through the SPF (See Fig. 7.2 blue curve).

e SPF transmission curve has a transmission of about 1% in the range of 20 – 30 eV, which
is important because the photoabsorption cross-section is very large in this energy range (see
Fig. 7.2 red curve).

e contribution due to radiation in the 20 – 30 eV range is difficult to quantify for two
reasons: the intensity of the radiation varies significantly due to carbon growth on the SPF, and
the accuracy of the SPF transmission curve in this energy range is unknown. Nevertheless, we
include it because, even a small transmission will result in additional photoinization, which leads
to a reduced space-charge potential barrier at low pressures (e.g. 2.8 Pa, 11.2 Pa).
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Figure 7.2: EUV spectrum aer SPF as used in the simulations. Note, that the small SPF trans-
mission, estimated at ∼1% of EUV energy per pulse, significantly contributes to the number of
photoionisation events in the volume.

Although the photoionization due to the 20 – 30 eV radiation range is significant compared
to the 13 nm band, it has significance only for cases where no bias is applied to the sample. For
cases with bias, the presence of this radiation leads to a decrease of the space-charge potential.

7.3.6 Cross-sections set

e cross-sections set used in the model consists of electron collisions with hydrogen and ion
collisions with hydrogen. e collisions between plasma species and three body processes are
neglected due to their low probability under the conditions considered here. To accurately model
electron collision related processes in hydrogen discharges with a Monte Carlo (MC) model, one
needs to take into account the differential cross-sections for ionisation and excitations processes.
As described in detail in [64], the particular choice of the angular dependence of cross-sections
significantly influences the simulation results. We adopt a set of cross sections found in Ref. [64].

We use an approach similar to that described in [64]. e reaction probability is sampled us-
ing the integrated reaction cross-section. e differential cross-section data is used to determine
the collision kinematics and energy redistribution between products. Electron elastic scaering
and hydrogen electronic excitations, and angular scaering data is taken from [46]. For electron
impact ionization of hydrogen, we use an experimentally determined doubly differential cross-
section [57, 58]. e set of cross-sections for collisions between ions and hydrogen is based
on [62] because this set provides good agreement with swarm data for ions in hydrogen. We ne-
glect the formation of H−, because the cross-section of dissociative electron aachment is very
low, and the density of vibrationally exited hydrogen molecules too low to make a significant
contribution to the production of H−.
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We make use of the procedure described in [42] to perform Monte Carlo collisions with the
background gas. We tested the consistency of our implementation by modeling swarm experi-
ments and found good agreement with experimental values [54] for the first Townsend electron
ionization coefficient, the electron mobility, and for H+ and H+

3 mobility in hydrogen [55].

7.4 Analysis of the arge — bias aracteristic

Let us begin with the analysis of the charge — bias voltage characteristics (Q – V), which were
measured during the experiments. e ion dose on the sample per pulse for the range of pres-
sures and bias voltages considered here was estimated from the experimental results as a differ-
ence between the collected charge for given pressure and bias voltage and the collected charge
for vacuum conditions [129]. e measured curves are presented in Fig.7.3. It is worth noting
that these Q− V characteristics have some peculiarities.

Bias (V)

0 Pa

2.8 Pa

11.2 Pa

22.4 Pa

45 Pa

0 Pa

2.8 Pa

11.2 Pa

22.4 Pa

45 Pa

simulation experiment

Figure 7.3: Collected charge as function of bias, 0.017mJ/pulse (0.13 W/cm2 at 1500 Hz to the
spot of 5 mm diameter.

Firstly, all the characteristics reach saturation, and the turning point for the almost all curves
is approximately -75 V. If there is a significant contribution from ionization by the accelerated
secondary electrons from the sample in the dri regime, one would expect a rapid increase of
the collected charge for biases in the range of -200 .. -50 V.

Secondly, the increase of the collected charge for -200 V bias does not depend linearly on
pressure in the range of 2.8 Pa to 22.4 Pa, i.e. the collected charge increases less than two-fold
while the pressure increases eight times. But, one would expect at least linear growth of the
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collected charge with pressure if the volume ionization provides a significant contribution to
the total collected charge. us, the overall contribution of photoionization in the volume is
small compared with the other factors.

irdly, for -200 V bias and 22.4 Pa background pressure, due to the photoionization process,
all the external bias would be applied over a very small layer near the sample, thus, all the
secondary electrons will gain 200 eV energy. e H2 ionization cross-section for this energy is
approximately 6 · 10−17 cm2, thus, in the space between the sample and the grid (l ∼ 2.5 cm),
these electrons will, on average, have 0.8 ionization inducing collisions. If we assume that, under
vacuum conditions and -200 V bias, the SE current from the sample saturates, and we obtain that,
just due to the direct electron induced ionization, without cascade process and photoionization,
the collected charge should be greater than 1.8 nC. in the experiment, however, the collected
charge is approximately 1.9 nC.

7.4.1 Average secondary electron yield

e above analysis suggests that the combination of EUV power per pulse, and effective sec-
ondary electron yield (SEY) produces approximately 1 nC of electrons from the sample.

It is instructive to estimate the total SE charge from the experimental parameters. From
the EUV intensity, repetition rate and spot size, the average dose per pulse was approximately
∼0.017 mJ. e secondary electron yield for carbon under EUV radiation is estimated to be ap-
proximately γSE ∼ 0.01 for the photon energy range of 60 eV – 100 eV [37, 123], which leads
to a saturation charge of 2 nC, which would lead to a significant disagreement between the sim-
ulated and measured charge bias characteristics. It is also worth noting that effective SEY from
mica was small, since, in the experiment, the charge collected from a sample made from mica
was measured to be an order of magnitude smaller than for the carbon sample.

However, the measured charge bias characteristics are the only experimental data that pro-
vides a reference point for the simulations of the experiment dynamics. Since the spatial distri-
bution of EUV intensity is subject to an unknown systematic measurement error, and the SEY
is known to vary widely, depending on the surface conditions, we chose to keep the product of
incident EUV and SEY a constant, chosen to provide 1 nC total SE charge from the sample.

7.4.2 Role of dielectric ring

During the simulations we found that the mica accumulated charge over many EUV pulses,
significantly effecting the local field distribution, and, hence changing the flux incident on the
sample. If charging is neglected, the Q – V response under vacuum and 2.8 Pa conditions cannot
be reproduced for any reasonable parameter values. e discrepancy is caused by the potential
barrier near the sample surface, which is created by the negative space charge generated during
the EUV pulse. Although the potential is low, it produces a significant effect because the SE
energy spectrum (7.3) is strongly peaked at rather low energies: approximatelyW/3 = 1.3 eV.

e charge accumulation on the mica significantly increases the local field strength near the
sample surface (see Fig. 7.4). is removes the space charge potential barrier for biases of -100V
bias and higher under the conditions that we consider.
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Figure 7.4: Comparison of the potential distibution hear the sample holder for uncharged mica
(le) and pre-charged mica for -100 V bias on the sample holder. e charge on the mica signif-
icantly increases the local field strength near the smaple surface.

e charging of the mica should saturate, leading to an unchanging charge density distri-
bution on the mica. To estimate the charge density, we simulated one hundred pulses under
vacuum conditions for all experimentally applied bias values. In these calculations, the effec-
tive SEY from the mica is assumed to be about 0.001, which corresponds to the experimentally
measured value.

is approach corresponds to the experimental procedure, since the Q – V characteristics
were measured via averaging a large number of pulses for every combination of bias and pres-
sure. No special means were used in the experiment to remove the accumulated charge from the
mica between pulses.

For negative biases, simulations show that the mica potential rapidly reaches approximately
0 V potential. For these conditions, further charging is very slow, because (a) the electric field
strength near the mica is very small, therefore, even a small amount of emied charge creates
a space charge potential barrier, and, (b), because the mica potential is close to zero, there is a
small flux of electrons from the sample to the mica.

e continued slow variation in charge distribution is impractical to simulate, however.e
final charge distribution requires a very long time to calculate and is sensitive to the combination
of the SEY from both the sample and the mica, and to the corresponding SE energy distribution
functions. Nevertheless, the additional errors due to these limitations are expected to be small.
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In practice the maximum potential of the mica under vacuum conditions is bounded, since, as
the mica’s potential increases to ∼10 V, the electron current from the sample to mica becomes
significant.

It is worth noting that the EUV plasma itself can contribute to charging the mica, since, for
stationary discharges, the dielectric charges to the plasma potential. Despite the the fact that
the potential of the EUV-induced plasma can be high (e.g. 20 – 30 V or more aer EUV pulse), it
rapidly decreases to several volts due to electron cooling due to collisions with the background
gas. Most probably, the mica potential would converge to the time averaged potential of the
plasma, e.g. several volts. erefore, in the following results, the mica was pre-charged to the
value that was obtained from simulations under vacuum conditions for the appropriate bias.

e optimum parameter combination that reproduces the experimentally measured Q – V
characteristics were chosen as follows: the mica was pre-charged as described above, the EUV
intensity was kept constant at themeasured value, but the amount of the scaered EUV radiation
incident on the sample holder was chosen so that 40% of EUV radiation was incident on the
dielectric mica, and the effective SEY from the sample was kept at to 0.01 for the photon energy
range of 60 eV – 100 eV, while the SE contribution from the VUV part of the spectrum was
neglected. e simulated Q – V characteristic, aer parameter optimization, and comparison
with the measurements are presented in Fig. 7.3.

7.5 Ion fluxes to the sample surface

e removal of carbon from the surface material should be directly dependent on the energy
distribution function (EDF) of the ion flux incident on the surface. e conditions of the experi-
mental study of carbon cleaning in the ISAN EUV experiment are summarized in Table 7.1. We
computed the plasma conditions, ion fluxes, and ion EDF for these conditions. e simulated
time for all cases was 10 µs. For 2.8 Pa – 11.2 Pa and biases -200 V – -100 V, the plasma had
completely decayed and all ions were collected during the simulation time. But, for the 60 Pa
and 86.5 Pa cases some plasma was still le in the simulation domain.

e EDFs, integrated over the simulation window, and averaged over the sample surface, are
presented in Fig. 7.5. e composition of the computed ion flux depends significantly on the
pressure. For the 3 Pa case, the main ion is H+

2 , because the characteristic time for H+
2 to H+

3

conversion in 3 Pa H2 is approximately 0.5 µs. With increasing pressure, H+
3 becomes the main

ion, as expected. ere is also a non-negligible contribution from fast H2 which is produced due
to a resonant charge exchange reaction.

e maximum ion energy is larger than the applied bias voltage due to the build-up of the
plasma potential. But the number of such fast ions is small, due to the fast plasma decay. For the
same reason, the most energetic ion is H+ because its small mass allows it to accelerate during
the decay of the plasma potential.

It was observed, that contrary to the ion dose, the shape of the ion flux EDF was mainly
defined by bias, pressure and the accumulated charge on the dielectric. However, as discussed in
previous section, we expect that the equilibriummica potential does not significantly differ from
0 V. For small variations of themica potential (if all other parameters are the same), the variations
of the EDF shape are small for all simulations where a sample bias was applied. Moreover, the
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Figure 7.5: Energy distribution function of ion and fast neutrals flux to the surface for 3 Pa (le)
and 11.2 Pa (right) for -100V bias. e fluxes were integrated over time and over sample surface
and sum of fluxes normalized to unity. Note that H+

3 spike is on the same position over energy
in spite of the increase of pressure.

EDF was barely sensitive to reasonable variations of other parameters.
is insensitivity is a consequence of the experimental procedure. e applied bias allows

ions to be collected from the entire chamber volume. Hence, the characteristics of the plasma
are important only for the short time when the sheath between plasma and sample is small.
As ions are collected at the sample, the sheath size becomes larger and larger. erefore, as
time progresses, the instantantaneous ion flux EDF starts to depend only on the bias potential,
mica potential, and the distance that the ions travel between the plasma and the sample. is is
because these parameters determine the maximum possible energy of the ions, while the back-
ground pressure determines the number of collisions (e.g energy loss), and, hence, the average
energy of the ion at the sample. erefore, for the considered conditions, the shape of the ion
flux EDF is mostly determined by the bias, mica potential, pressure, and the chamber geometry.

It is notable, that the mica charge, due to exposure to EUV radiation and plasma, leads to
the ion flux being focused on the sample (see Fig. 7.7). e ion flux to the mica itself becomes
negligible compared to the simulation with zero charge on the mica. erefore, the measured
ion doses should represent accurately the ion doses on the sample.

Hence, for the analysis of the experiments, it is reasonable to take the computed EDF shape,
normed to the experimentally measured ion dose (if it is available). is approach allows us to
compare the experimental results at different pressures.

7.6 Discussion

e maximum etched depths and total etched volumes per exposure of 107 pulses for different
pressures and biases are presented in Table. 7.1. e etched volumes are the integrals over etch
profiles, which were determined by XRF measurement (see Fig. 7.8). In the cases of 60 Pa and
86.5 Pa pressure, the etch profile was only measured at the center of the EUV spot. We assumed,
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3 Pa, -100V
60 Pa, -100V
86.5 Pa, -100V
yield

Figure 7.6: Comparison of the shape of the ion flux EDF obtained with pre-charged dielectric
mica for different pressures. e ion fluxes were integrated over time and over sample surface,
summed over ion types and normalized to unity. e carbon removal yield curve corresponds to
surface wave discharge plasma (SWD) from [129]. e doed part of the yield curve corresponds
to linear extrapolation.

for these two cases, a uniform etching profile to estimate the carbon removal yield. Hence, for
these cases, the amount of removed carbon is most probably overestimated.

As was discussed in the previous section, we used the experimentally measured ion doses
for yield estimation. However, for some experiments, the ion dose was not measured. In these
cases, we used the ion doses obtained from simulation results. is approach is valid at high
pressures because the uncertainty in the simulations is on the order of 30% (see Fig. 7.3).

For all samples, the average carbon removal yield was larger than 0.2 carbon atoms per ion.
us, physical spuering is not the main process, since for energies below 200 eV, the expected
spuering yield is lower than 5 · 10−2 carbon atoms per hydrogen ion [132]. erefore, carbon
is removed via a chemical spuering process, or a reactive ion etching process, because the
effective yield for these processes is known to be large under certain conditions [125].

However, the results for -200 V bias, especially at low pressure (2.8 – 11.2 Pa), cannot be
described by a chemical spuering process, since the average yield is larger than one carbon atom
per ion. Hence, reactive ion etching may be responsible for these very high etch rates. However,
for reactive ion etching there should be weakly bound radicals on the top of the carbon, which
are desorbed from surface due to ion impact, which, in turn, lead to a very high yield per ion.
Although, we have no data about these radicals, it is likely to be some form of methane radical
(e.g., CHx). e alternative: oxidation (e.g., CO and CO2) [123] is unlikely because water, which
is the main source of oxygen, is removed from the hydrogen flow, and, during experiments, the
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pre-charged dielectric

no charge on dielectric
before pulse

EUV intensity

dielectric micasample

Figure 7.7: Comparison of the ion flux spatial distribution obtained with pre-charged mica and
with zero charge on the mica. e ion fluxes were integrated over time and energy. Both dis-
tribution are normed to one if integrated over sample and dielectric mica surface areas. e
conditions are 3 Pa background pressure and -100 V bias on the sample. e charge on the
mica focuses the ion flux on the sample. Other combinations of pressure and bias show similar
behavior.

chamber walls are kept at liquid nitrogen temperatures, trapping the majority of the residual
water. Hence, the contribution of water to the carbon removal was limited by the initial coverage
which is typically sub mono layer for amorphous carbon for the considered temperature range
[133].

In the case of experiments with -50 V and -100 V biases, the results can be compared with
carbon etching in a surface wave discharge plasma [129], where similar magnetron deposited
carbon on silicon substrate samples were used. e carbon removal yield for experiments with
biases of -50 V and -100 V was estimated by convolving the simulated EDF with the energy de-
pendent yield, as measured in the SWD experiments (see Fig. 7.6 and column ”SWD recomputed”
in table 7.1). In spite of H+

3 being the main ion in SWD plasma, we used the same yield for es-
timation, since we do not expect dramatic difference between H+

3 and H+
2 for carbon removal.

ese estimates show that the yields found in EUV experiments with low biases agree with the
recomputed yield from the SWD experiment. e margin of error is, however, large enough that
we cannot completely exclude direct influence from EUV radiation.

7.7 Conclusion

e evolution of an EUV induced hydrogen plasma was simulated. e simulations, due to
their close coupling to experimental conditions, allowed themagnitude, composition, and energy
spectrum of the flux from the plasma to the surface to be estimated. Our model successfully
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simulations experiments

extrapolated from SEM image

XRF measured

Figure 7.8: Experimentally observed and simulated carbon removal as function of pressure, bias
and radius. For the conditions of 11.2 Pa, -200V the carbon layer was completely removed,
exposing the substrate, at the center of the EUV spot. e etch yield for this case was set to the
1.6 C atom/ion as in table 7.1. For the conditions of 60 Pa, -200V, the carbon layer was completely
removed from entire area exposed to plasma, hence the case is not shown. e simulated profiles
for -50 V and -100 V bias were computed via convolution of the simulated ions fluxes with the
yield from SWD experiments Fig. 7.6. e profiles were normed to the ion dose per pulse from
table 7.1. e EUV dose was 107 pulses per sample in all cases, which is approximately 170 J.
e EUV radiation was concentrated in a spot with radius approximately 2 mm. e detailed
intensity distribution of the EUV spot is not accurately known.
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Table 7.1: Experimental conditions and carbon removal rate
removed carbon ion doseb) average yield

pressure bias EUV power max etched depth etched volume present study SWD recomputed
Pa V W/cm2 nm/107 pulse 10−6 cm3/107pulse nC/pulse C atom/ion C atom/ion
3.0 -50 0.11 1.7± 0.5 ∼ 0.03 ∼ 0.1 0.5 0.4
3.0 -100 0.11 5.7± 0.5 ∼ 0.1 ∼ 0.25 0.6 0.5
3.0 -200 0.13 14± 0.5 ∼ 0.3 ∼ 0.25 1.9 —
11.2 -200 0.13 30 a) ± 0.5 ∼ 0.5 ∼ 0.5 >1.6 —
60 -100 0.13 23± 0.5 ∼ 1.2 c) > 2.2 d) <0.9 0.5
60 -200 0.1 27± 0.5 e) ∼ 1.4 c) > 2.3 d) ∼1.0 e) —
86.5 -100 0.2 19± 0.5 ∼ 1 c) > 3.0 d) <0.5 0.4

a) e substrate was exposed, thus only lower boundary for cleaning rate could be estimated.
b) Estimated from measured Q – V characteristics (see Fig. 7.3) as the difference between the
collected charge for a given pressure and bias voltage, and the collected charge for vacuum
conditions.
c)e carbon removal was measured only in the center of the exposed area. However, an SEM
image of the EUV exposed area showed no features. erefore, for the purposes of estimating
the carbon removal rate, we assume that the carbon was etched uniformly over the exposed
area of the sample.
d) Experimental Q – V values were missing, therefore the simulated ion dose were used for
estimation. Only ions which hit the sample during the simulated period are included. No
corrections were made for the plasma which was present in the chamber aer the end of the
simulation.
e)is value is only an order of magnitude estimation, because all carbon was removed from
the sample.

computes the charge bias characteristics of the sample to an accuracy of a factor of two. is
was used to quantitatively compare carbon etch rates between different EUV plasma conditions,
as well as compare carbon etching under EUV-induced plasma to etching under SWD plasmas.
In addition, the model describes the focusing effect of the dielectric surround, which allows the
measured carbon etch profiles to be beer understood in a quantitative manner.

It was observed that the carbon etching mechanism at low bias and pressure was different
than that at high bias and pressure. For the higher energy range, the carbon removal yield
in EUV-induced plasma was larger than one carbon atom per ion. Most probably, etching is
dominated by a reactive ion etching process, which may be due to the production of methane
radicals (e.g. CHx) that can desorb under energetic ion flux.

However, at low bias energies, the etch rates found in EUV-induced plasma agree with those
found in SWD plasma to within model and measurement uncertainties. erefore, the role of the
EUV radiation in a previous study [129] was overestimated at low bias energies and pressures.

However, our study does not exclude EUV enhancing etch rates at low biases or having
a small (< 0.2 C/ion) enhancing effect over the range of biases and pressures that we studied.
erefore, experiments to determine the effect of EUV in the limit of low-to-no bias are required.
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Chapter 8

Valorisation and outline

e design of the program developed in this thesis was determined by the industrial needs out-
lined in the chapter 1.1. However, from a more general plasma physics perceptive, it reduces to
the need for a particle-in-cell code that can accurately and efficiently model low pressure low
density transient plasmas. e code should include a volumetric source of ions and electrons
that mimics the absorption of EUV radiation a long a path length of neutral gas.

e previous chapters of the thesis can be viewed as a successful validation of the model.
We were able to reproduce, with good accuracy, measurements of currents in the EUV induced
plasma in the ISAN setup (chapter 7). erefore, the model can be straight forwardly applied to
calculate ion fluxes from the EUV-induced plasma to MLM mirrors in EUVL applications.

It is worth to admit, that the for EUV induced plasmas both experiments and simulations
tend to provide self consistent but misleading picture. For example the initial analysis of the
experiments for carbon removal under EUV radiation pointed to the significant role of the EUV
itself [129]. However, later analysis with help of the model showed that these conclusions were
wrong. e causewas thewrong assumption about the uniformity of the ion flux over the sample
surface. e simulations allowed to find that the ion flux was concentrated towards the center
of the sample by the electric field (chapter 7). In the new analysis the role of EUV was estimated
to be almost negligible.

e main benefit of simulations is the ability to make an quantitative estimation of the con-
tribution of the different factors. In the typical experiments where are many of them some of
them are well defined (e.g. chamber geometry), but most of them are poorly known EUV spec-
trum, EUV intensity, secondary electron yields from different materials. In most of experiments
the discharge currents are recorded in order to trace the plasma. However, without the model
only limited information of the data can be extract from such data because of two many contri-
bution factors. It also worth to admit, that even for the Langmuir probes, that responses were
profoundly studied for almost 100 years, the analysis of the probe response is still difficult, ad
require certain care (see section 5).

Although, the large number of parameters is also a problem for simulations, the model can
take into account the most probable range of variations of these parameters. erefore, the
model is viable numerical tool for analysis of the experiments.

8.1 Outlook and applications beyond EUV-induced plasmas

Apart from the application described above, plasma models have high relevance for many other
industrial and scientific applications. However, the present code can not be easily applied outside
of the low pressure (1 – 30 Pa) low density (107 – 5·109 1/cm3) laboratory plasma regime. Below,
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we outline a few typical applications for plasma modeling and some of the modifications that
would be required before the model presented here would be suitable for various applications

• Simulations of the EUV plasma induced by a free-electron laser (FEL) based radiation
sources. e FELS are considered for application in EUVL [134]. However, their character-
istics differ significantly in their pulse repetition rate, temporal duration, spectral content,
and spatial and temporal coherence from plasma based sources, e.g., while a plasma based
EUV source has a pulse duration of about 100 ns and a repetition rate in the range of 1 kHz
(DPP) .. 100 kHz (LPP), a FEL based source has pulse width of about 10−5 .. 10−6 ns (i.e.
10 .. 100 fs) and a repetition rate of about 105 kHz. Moreover, the FEL pulse duration
is comparable to the characteristic electron relaxation time in a solid and is expected to
be much shorter than the inverse plasma frequency of the plasma generated in the back-
ground gas. erefore, in comparing plasma based EUV sources and FEL radiation, the
main differences are expected to arise from the interaction of the radiation with the MLM,
where photoelectrons and secondary electrons are generated. It might be expected, for
instance, that simulations of an EUV plasma, ignited by a femtosecond FEL pulse, requires
a different description of the photo electron emission from the surface compared to the
case for nanosecond pulses.

• EUV palsmas. One limitation of the code, as it is currently implemented, is that each EUV
pulse is considered to generate a plasma in a cold neutral gas. However, the repetition
rates in the EUVL sources are expected to be large. In this case, the background can also
be expected to contain a low density cold plasma as well. erefore, the model should
be extended to include a fluid model to accommodate the accumulation and flow of this
background plasma.

• Material processing (e.g. etching). e model could be modified to be able to calculate
capacitively coupled plasma discharge. For a small plasma density (< 109 1/cm3), it is
enough to extended the model with a submodule to iterate over periods of the radio-
frequency field. Such a submodule allows a steady state solution to be found. However,
industrial plasma etching equipment use plasmaswith densities of about 1010 – 1011 1/cm3

or even higher. e efficient usage of PIC code for these plasmas would require the Pois-
son equation to be changed to the Poisson-Boltzmann equation, where the motion of the
electrons is solved together with the electric field. is would require significant rework
of the code. Moreover, for these kind of plasmas the constant background assumption is
violated. erefore, the code should be modified to take into account the production and
accumulation of neutral species.

• Radiation sources (e.g. lamps). ese plasmas have the similar problems as discussed for
others. However, plasmas designed for radiation emission should include radiation trans-
port, and step wise excitation/ionization processes are significant. Hence, these processes
should be implemented in the model in order to compute these kind of plasmas.

• Space relevant plasmas. ese can be split into:

– Space cra interaction with plasma, e.g. charging under space radiation. ese ap-
plication require a significantly more sophisticated implementation of the plasma
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surface interaction. More specifically, the generation of secondary electron emis-
sion, ion induced electron emission, and surface charge accumulation would need
to be modeled more accurately. And, because of the non-trivial shape, the grid con-
struction procedure would have to be modified to allow unstructured grids to be
handled.

– Plasma thrusters. To generate thrust efficiently, plasma thrusters use magnetic fields
to confine the plasma erefore, the code should expanded in order to solve the
full set of Maxwell equations, and the particle mover should be modified to include
Lorentz force. Depending on the plasma density, modifications similar to those dis-
cussed for plasma etchers may be required as well.

In short, there many other plasma applications, with each requiring some of the underlying
assumptions and simplifications of the current code to be modified. ese modifications are
possible, but would be time consuming to implement, while also vastly decreasing the efficiency
of the code. An alternative would be to couple this code to other code bases that include these
processes. In such an implementation, the relevant assumptions could be switched on and off as
appropriate, allowing efficient simulation of a wider range of plasma conditions. However, the
different code bases should be selected with care. For succesefull results it should have either a
similar internal implementation or a sophisticated application programming interface.





Chapter 9

Conclusions

e goal of the present work was to build a numerical tool that can be used to analyse the be-
havior of EUV induced plasmas. e focus of our work was on the interaction between EUV in-
duced plasma and the surface. erefore, the model was designed to be able to provide spatially-
energy-time and species resolved fluxes from the plasma to the surface. ese fluxes would then
be used elsewhere as input for simulating surface processes. However, for these purposes, a
good understanding of the dynamics of the EUV plasma in the bulk and in the plasma sheath is
absolutely necessary.

To accomplish this, the code must also contain, in addition to the right physics, relevant
cross sections. Assembling a reasonably accurate cross-sections set, and testing the model im-
plementation on available experimental data for swarm experiments was a necessary and time
consuming step. However, this success established a good background to all further develop-
ment.

e task of simulating and EUV induced plasma is complex, therefore, we have divided it
into several sub tasks. e dynamics of the EUV plasma in the bulk have many similar features
with other plasmas, predominantly electron dynamics and collisions. erefore, first, it was
necessary to check whether the model predicts the right plasma density in a discharge without
EUV.

For this purpose we compared the model predictions and experimental measurements of a
low density transient plasma. e initial goal was to compare the model predicted plasma den-
sity the measured densities, obtained from the analysis of probe data. However, the significant
disagreement between the two lead us to analyse the applicability of the probe method itself and
to directly compare measured and predicted probe responses.

As shown in chapter 5, probe theories, especially in the case of a low density non-stationary
plasma, should be used with caution. Ourmodel results show that the probe response can appear
to be normal, while the calculated density is incorrect. ese calculations also show that, despite
the distortion, probes can still be used. Depending on the applied probe theory, the density may
be over estimated or under estimated. us, by applying a range of theories, one can estimate
the uncertainty range of the plasma density.

Once the electron dynamics in the model were checked, we considered an experiment with
EUV radiation. Fortunately, we were able to begin with an experiment that was specially de-
signed to reduce the influence of the surface processes (e.g. photo electron emission). erefore,
these simulations focus on the dynamics of the ignition of the plasma by the EUV radiation.

However, we found, that, even for this case, the number of important parameters is still
rather large. As discussed in the chapter 6, the cumulative uncertainties in the parameters are
important. e uncertainty in the transmission spectrum of the SPF, and the possible error
margin in the measured EUV source emission spectrum were found to significantly influence
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plasma densities, for instance. is sensitivity is due to the rapid increase of the absorption
cross-section with decreasing photon energy, which greatly amplifies the contributions of VUV
part of the spectrum. For example, even 1% transmission of the SPF filter in the range of 20 –
30 eV has a significant effect on the EUV plasma formation in hydrogen.

It is also worth noting that other processes, such as electron-induced electron emission from
surfaces can also play an important role, especially for low pressure cases, where the mean free
path of the elections is comparable with the setup dimensions.

Finally, we have considered an experiment with EUV radiation incident on a sample (chap-
ter 7). For this experiment, all the parameters and processes mentioned above are important.
However, in this experiment, an external bias was used to aract the plasma to the sample. In-
terestingly, the applied bias greatly simplified the simulations, since the plasma evolution was
controlled by the bias and not by the large number of poorly known parameters. We found
good agreement between simulated and experimentally measured discharge characteristics for
the setup. Using this agreement, the relative fluxes of different ion species were combined with
the measured total flux to compute the species and energy resolved fluxes to the surface. ese
fluxes were used to quantitatively compare carbon etch rates between different EUV plasma
conditions, and to compare carbon etching under EUV-induced plasma to etching under surface
wave discharge plasmas.

It was found that for the intersecting range of energies there was good quantitative agree-
ment (to within model and measurement uncertainties) between the etch rates observed in ex-
periments with and without EUV. erefore, there the role of the EUV for carbon etching is
small, and, hence, the main etching mechanism is, most likely, chemical spuering of carbon.
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