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Abstract

The introduction of EUV lithography machines is the next step
to keep up with the constant demand for increased computational
power and memory capacity. EUV light in these machines has suffi-
cient energy to partially ionize and dissociate the (1-10 Pa) hydrogen
background gas. The resulting plasma keeps the optics free from con-
taminants. Quantification of the plasma properties is required for a
better understanding this process. The density of neutral hydrogen
atoms (referred to as ’radicals’) has not yet been thoroughly quanti-
fied in EUV-induced plasmas, partially because of a lack of convenient
measurement techniques.
Therefore, the goal of this thesis is to develop a new, simple technique
to measure hydrogen radical fluxes. This is done by measuring the
etch rate of a sputter-deposited amorphous carbon film on a silicon
wafer and translating this to a radical flux through the known carbon
etch yield per radical. Ions have a far greater etch yield than radicals:
therefore suppression of the ion flux to the target sample is required to
ensure that the observed carbon etch rate is dominated by radicals. It
is investigated whether this can be achieved using a simple cylindrical
pipe (hereinafter ”chimney”) of a material which has a low surface
recombination coefficient (γ) for hydrogen radicals (γradical � 1) and
neutralizes hydrogen ions upon wall collision (γion = 1). Chimneys
of various materials and geometries are tested. Ion suppression was
measured using an electrostatic probe in a RF plasma. Radical trans-
mission was measured by measuring carbon etch rates on exposure to
radicals only (no ions). Indeed, some chimney configurations result
in an efficient ion suppressor whilst maintaining an acceptable radical
transmission. Furthermore, it is shown that the radical recombination
coefficient of the chimney material can be obtained from the measured
radical transmission.
Cross-calibrations using vacuum ultraviolet absorption spectroscopy
were performed to determine the carbon etching yield by atomic hy-
drogen, which is used to translate etch rates to radical fluxes. Finally,
the etching sensor is deployed in a hydrogen plasma environment to
measure atomic hydrogen fluxes which are compared with heat flux
sensor and vacuum ultraviolet absorption spectroscopy measurements.
All sensors agreed within a factor 4 in the flux range 1017 − 1020 m−2

s−1.
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1 Introduction

Ask yourself:

How many times per day do you check your phone?

When confronting the average smartphone user with this question they will
probably give you an underestimation of this number. A field study in 2016
logged the events of 134 Android smartphone users throughout a month-long.
Depending on the unlock mechanism user performed between 30 (pin) up to
45 (pattern) unlocks on average per day [26]. In the same year, Apple intro-
duced a fingerprint recognition feature to make phone unlocking even faster.
That year, 89% of their users with a Touch ID-capable device have set it up
and used it. They recorded an astonishing average of 80 phone unlocks per
day [3]. The extraordinary user consumption and never ending demand for
improvement by manufacturers drives the semiconductor industry. In order
to keep up with these needs, industries are taking the production process of
computer chips to the next level: EUV lithography

1.1 EUV lithography

Only three decades ago, personal computers were an exclusive product. Nowa-
days there is a world filled with smartphones, smaller and far more advanced
than early day computers. New models are released on a regular basis,
each having more capabilities than its predecessor. The computer indus-
try is growing at an extraordinary rate. In 1965, co-founder of Intel, Gordon
Moore predicted that the number of transistors on a single integrated chip
doubles every two years. In 1971 Intel produced the first commercially avail-
able microprocessor which had a feature size of 10 micrometers. Nowadays
the feature size of the microprocessor has shrunk to the nanometer scale
[47]. Photolithography is one of the most important process steps in high
volume manufacturing of microprocessor. This printing technique consists
of different steps, as depicted in fig. 1. In the first step (apply resist), a
photo-sensitive material is deposited on a silicon wafer. In the expose step,
the photo resist is partly exposed to light by a specific pattern predefined
by the reticle. The exposed photo resist is selectively removed in the de-
velop step, exposing parts of the deposited film on the silicon wafer. Desired
patterns have now been lithographically printed in the photo resist, these
patterns must be transferred into the film on the silicon substrate. Etching
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is the most common way to do this (etch step). Finally, the photoresist is
removed (strip resist), leaving a patterned film on the silicon wafer. This
process is repeated several times to build the complex structures that make
up a computer chip.

Figure 1: Schematic diagram of the photolithographic patterning process.
The blue part represents the silicon wafer, the green parts the unexposed
photo resist, the orange part a deposited film, and the red parts the exposed
resist. In the exposure step a reticle is involved which contains the desired
pattern.

The feature sizes of the imprinted patterns are limited by the resolution
and depth of focus of the lithography process. Here, the resolution (R) is
defined as the minimum line width that can be projected by the optical
system

R = k1
λ

NA
, (1)

and the depth of focus (DOF ) the distance over which an image is in focus.

DOF = k2
nλ

(NA)2
, (2)

here k1,2 are constants of order unity which depend on the angular distribu-
tion of light rays within the numerical aperture and the geometrical details
of the pattern to be printed, λ is the wavelength of the light used, and NA
the numerical aperture of the lens system as seen from the wafer, defined as

NA = n sin θ (3)
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Figure 2: TWINSCAN NXE:3100, EUV lithography machine by ASML

with θ the maximum angle with regard to the optical axis at which light
can exit the lens, and n the refractive index. ASML adopted a technique
called immersion lithography which replaces the usual air gap (with n = 1)
between the final lens and the wafer surface with a liquid medium that has
a refractive index (n) greater than one. From eq. 1 it can be seen that
the resolution decreases for light with smaller wavelengths. Indeed, light
sources with smaller and smaller wavelengths have been employed over the
decades, from Hg lamps (roughly 400nm) to KrF lasers (248nm) down to deep
ultraviolet ArF lasers (193nm). The latest generation of ASML lithography
machine employs extreme ultraviolet (EUV) lithography, which uses light at
a wavelength of only 13.5 nm.

1.2 The relevance of EUV-induced plasma in lithogra-
phy machines

To produce EUV light, microscopic droplets of liquid tin are fired into a
vacuum chamber and vaporized by irradiation of a pulsed high power laser,
creating a high temperature tin plasma which emits EUV light at a 13.5
nm wavelength. As a consequence of the high power impact on tin droplets,
debris is created in the form of ions, neutrals, and tin fragments. Formed
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tin debris bombards or diffuses towards the collector mirror, reducing its
reflectivity. The illumination and projection modules are isolated from the
source vessel as the EUV light goes through a small pinhole (intermediate
focus) which is further shielded by a gas shower (dynamic gas lock). For the
illumination and projection optics carbon is an example of a contaminant
which is formed when residual hydrocarbons are absorbed on the mirrors
and decomposed under EUV radiation or secondary electrons. In order to
extend lifetime of the mirrors selective cleaning methods have been devel-
oped, preferably during operation. Various debris mitigation techniques can
be used, among them is the application of magnetic fields that confine charged
particles to an area that is irrelevant for the performance of the system [14].
Another method is the use of a buffer gas, which needs to efficiently stop
energetic tin ions whilst maintaining sufficient EUV transmission, be able to
transport heat, and capable of tin etching. Hydrogen is the most suitable
buffer gas, having a relative high heat capacity, high thermal conductivity,
being capable of etching tin and carbon contamination, and being efficient
at stopping energetic tin debris whilst having low EUV absorption [32, 19, 6].

The EUV radiation has sufficient energy (92 eV) to generate a hydrogen
plasma in the scanner by irradiating the low pressure (1-10 Pa) H2 buffer gas.
Upon absorption of a photon three different processes can occur: photoexci-
tation, photoionization and, in case of molecular hydrogen, photodissociation,
having a variety of plasma species as a product. There is a strong need for
quantification of EUV-induced plasma species because interaction of such
plasma with chamber interior and optics can lead to various plasma induced
processes, such as enhanced deposition of over-layers, and removal of contam-
inants [43, 15]. Laboratory experiments by Kuznetsov showed degradation
of multilayer structures under the exposure to excessive fluxes of atomic
hydrogen [37]. Quantification of this species is of importance for a better un-
derstanding of the lifetime of the optics (7 years with a maximum decrease
in reflectivity of less than 1%). Furthermore, one would like to create off-line
plasma setups which reproduce the scanner environment as EUV test rigs
are expensive in operation. This requires quantification of the plasma.

1.3 Scope

Extensive work has been put in experimental and modeling studies to quan-
tify and understand the EUV-induced plasma [2, 72, 73, 71], yet the atomic
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hydrogen concentrations remain an unknown quantity. This work focuses on
the quantification of atomic hydrogen fluxes in a hydrogen plasma environ-
ment. The goal of this thesis is:

to develop an in-situ hydrogen radical sensor for hydrogen plasma
diagnostics.

There are two common techniques to detect atomic hydrogen species: vac-
uum ultraviolet (VUV) absorption spectroscopy [64, 79] and catalytic probes
[49, 81]. The VUV absorption technique uses Lyman transitions to mea-
sures line integrated ground-state atomic hydrogen densities. In complex
geometries the spatially resolved distribution of the radical concentration is
of interest, which cannot be obtained with the VUV technique. Furthermore,
installation and alignment of required the hardware becomes problematic for
compact systems in the field. The catalytic probe however, is a more com-
pact instrument. It measures heating of a sample caused by atomic hydrogen
recombination forming H2. This technique has the disadvantage to be insen-
sitive to low atomic hydrogen fluxes as other heating processes become more
dominant. Furthermore, it requires assumptions on the catalytic activity of
the detection surface, which may also degrade over time.

In this thesis, work has been done towards the development of an etching
sensor. This sensor has the advantage of being simple, easy to use, quanti-
tative, and capable of using in plasma discharge regions. It uses a detection
surface which erodes under the exposure of atomic hydrogen. This erosion
rate is subsequently translated to a atomic hydrogen flux by either using a
theoretical etching yield or cross-calibrations. However, in a hydrogen plasma
both hydrogen atoms and ions are generated. To investigate the individual
role of atomic hydrogen in the etching process, suppression of ions is required
as they generally etch more efficiently. Therefore an ion suppressor needs to
be developed which transmits atomic hydrogen. Ultimately an etching sen-
sor is presented capable of measuring atomic hydrogen fluxes in a hydrogen
plasma.

1.4 Outline

The outline gives an overview of the chapters in this thesis, clarifies the struc-
ture and how the different sections relate to each other.

Chapter 2: Atomic hydrogen sources, theory and detection
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In this chapter theory of the atomic hydrogen formation and sources used
in this work are discussed including some plasma physics. Furthermore, the
etching sensor is first introduced along with the vacuum ultraviolet absorp-
tion spectroscopy method and heat flux sensor.

Chapter 3: Carbon etching by hydrogen atoms and ions
The etching sensor introduced in chapter 2 uses the erosion rate of a carbon
sample under atomic hydrogen exposure to obtain an atomic hydrogen flux.
In this chapter the characteristics of carbon are discussed along with differ-
ent etching mechanisms under hydrogen atom and or ion exposure. Further-
more, a survey is presented which summarizes various carbon etching yields
by atomic hydrogen found in literature. This etch yield is required to trans-
late experimentally obtained erosion rates to fluxes.

Chapter 4: Diffusive transport of labile species in a cylindrical
tube
Chapter 3 discussed the various etching mechanism of carbon under expo-
sure of atomic hydrogen and or ions. It followed that ions etch more efficient
than hydrogen radicals. Therefore an ion suppressor is required which main-
tains a sufficient hydrogen radical flux to the sample. To preserve the idea
of a simple detection method a cylindrical tube is presented as a potential
ion suppressor which is made of a material which has a low surface recom-
bination coefficient (γ) for hydrogen radicals (γradical � 1) and neutralizes
hydrogen ions upon wall collision (γion = 1). This chapter includes an ana-
lytical expression for the transmission of diffusing particles through the tube.
Furthermore it discusses diffusion in the transitional regime.

Chapter 5: Experimental setup and method
In this chapter the experimental setup and method are discussed used in the
experimental work. Furthermore the diagnostics tools are introduced includ-
ing a brief elaboration of their working principle.

Chapter 6: Experimental validation of an atomic hydrogen flux
sensor for plasma diagnostics
In this chapter the experiment validation of the etching sensor as atomic
hydrogen flux sensor for plasma diagnostics is presented which includes: the
validation of the cylindrical tube as ion suppressor, cross-calibration of the
etching sensor using vacuum ultraviolet absorption spectroscopy, and ulti-
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mately, flux measurements in a plasma environment including comparison
with heat flux and vacuum absorption spectroscopy measurements.

Chapter 7: Experimental method to measure atomic hydrogen re-
combination coefficients on materials
In this chapter the transmission of atomic hydrogen species through the
cylindrical tube, as presented in chapter 6, is investigated to retrieve the
recombination coefficient of the cylindrical tube material.

Chapter 8: Conclusion and discussion
At last, the conclusion and discussion are presented including an outlook for
further research on this work.

13



2 Atomic hydrogen sources, theory and de-

tection

The hydrogen atom is the simplest free radical, which is a bound state of a
proton and unpaired electron. Isolated hydrogen atoms are rare in everyday
life on earth as they tend to combine with other atoms in compounds or with
itself, forming molecular hydrogen. In this study two sources are used to
produce atomic hydrogen. The first is thermal cracking of molecular hydro-
gen gas by means of a hot filament which solely produces atomic hydrogen
(section 2.1). The second source is a H2 radio-frequency gas discharge which
additionally produces charged particles (section 2.2), this subsection includes
basic plasma physics. Surface recombination of hydrogen ions and atoms is
discussed in section 2.3 and in section 2.4 different atomic hydrogen detection
methods are presented and briefly elaborated.

2.1 Thermal cracking of hydrogen molecules

Various thermal sources for hydrogen dissociation are described in literature
[69]. The simplest version thereof is the hot filament suspended in a hydrogen
atmosphere which was first studied by Langmuir (1912) who used a tung-
sten filament [39]. Langmuir studied the power consumption of a tungsten
wire in a hydrogen atmosphere and observed that the power increased at a
greater rate with increasing temperature than was to be expected from the
laws of convection and radiation. The extra energy consumed was used for
dissociation of hydrogen molecules

H2 ⇀↽ 2H.

Langmuirs’ work laid the foundations of producing a beam of atomic hydro-
gen by dissociation on a hot tungsten surface. Hydrogen starts to dissociates
at a tungsten filament temperature of 800 ◦C [27]. Increasing the filament
temperature enhances the rate of atomic hydrogen formation, as depicted in
fig. 3.

Once the filament temperature exceeds a threshold temperature of 2300 ◦C
thermionic emission of electrons occurs [59]. If the wire is at a negative po-
tential compared to the substrate, electric fields accelerate these electrons
to the substrate. When having sufficient energy these electrons can cause
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ionization reactions. However, usual filament operating voltages are below
ionization threshold energies of a hydrogen atom (Eth = 13.6 eV). Applying
a positive potential to the filament with respect to the substrate eliminates
release of accelerating electrons, a beam of solely hydrogen radicals remains.

Figure 3: The rate of atomic hydrogen formation from H2 molecules on
a tungsten filament as function of hydrogen pressure for various filament
temperatures. Gas temperature: 298 ◦K [27].

2.2 Hydrogen plasma

Plasma is generally considered as the fourth state of matter. It is a (partially)
ionized gas mixture consisting of electrons, ions, free radicals and neutral
byproducts. In order to create and sustain a plasma, energy needs to be
supplied to the gas. This energy can be delivered in several ways to the
gas, e.g. via an externally supplied RF electrical field, heat or sufficiently
energetic photons. In this subsection basic plasma physics is briefly discussed.
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2.2.1 Plasma parameters

Plasma parameters define the characteristics of a plasma. These parameters
arise from the basic nature of a plasma, a collection of interacting charged
and uncharged particles.

Debye length
The characteristic length scale in a plasma is the electron Debye length λDe,
named after Dutch physicist Peter Debye. When placing a charged object
into a plasma it attracts oppositely charged particles which develops a re-
gion around the object. This prevents electric fields from penetrating in the
quasi-neutral plasma. The phenomena is known as Debye shielding and the
distance over which the charged object is shielded from the bulk is given by
(in case Te � Ti)

λDe =

√
ε0kbTe
e2ne

, (4)

where Te is the electron temperature, kb the Boltzmann constant, ε0 the vac-
uum permittivity constant, and e the elementary charge. The Debye length
decreases as ne increases because there are more charges per unit volume
to provide the shielding, and increases with Te because the particles have
greater energy and so can remain, on average, at greater distance from the
charge.

Plasma frequency
The characteristic time scale of Debye shielding by electrons is the plasma
frequency. Charged particles move around at thermal velocities when not
subject to external forces. When charged particles are displaced by e.g. an
external force, over a small distance compared to a particle carrying an op-
posite charge, a space charge density develops resulting in an electric field.
The Coulumb force pulls the electrons back, acting as a restoring force. The
time scale at which the plasma can react to these changes is related to the
plasma frequency ωp given by

ωpe,i =

√
e2ni,e
ε0mi,e

(5)

where mi,e is the ion or electron mass. For a quasi-neutral RF (13.56 MHz)
discharge where ni,e ≈ 1.08 · 109 cm−3 (Appendix A.4) and mi,e taken from
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[11] yields ωpi (2.65 · 107 rad/s) < ωpRF (8.52 · 107 rad/s) � ωpe (1.95 · 109

rad/s). Thus the plasma electrons follow the radio frequency electric field
lines.

Plasma approximations
A more quantitative description of the plasma is given by the plasma ap-
proximations:

1. Quasi-neutrality. It is assumed that there is an equal amount of pos-
itively and negatively charged particles (on length scales much larger
than the Debye Length λDe), resulting in a quasi-neutral plasma. In
the case of plasma containing only singly charged ions, this means that

ne ≈ ni,

where ne and ni refer to the electron and ion density respectively, which
are the most basic plasma parameters.

2. The electron-neutral collision frequency is much smaller than the plasma
frequency (σen � σei). A weakly ionized plasma can behave like a
plasma because the long range Coulumb force has an effect much more
significant than that associated with collisions with neutrals. For the
plasma state to exist, collisions with neutrals must not be so frequent
that the system is governed by ordinary neutral fluid dynamics rather
than electromagnetic dynamics.

Electron and ion temperature
High electron temperatures are required to initiate and sustain a plasma.
These temperatures typically exceed 20,000 K (≈ 2 eV). This temperature
can be used to characterize electron velocity or energy distributions in a
plasma. When in thermodynamic equilibrium, one can approximate the elec-
tron energy distribution using a Maxwellian distribution function.

f(u) = ne

(
me

2πkbTe

)
exp

[
−meu

2

2kbTe

]
(6)

This relation can also be used to describe the ion distribution by replacing its
temperature and mass for the suited case. These energy distributions may
vary at different regions in the plasma itself e.g. as function of distance from
the electrodes.
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Plasma sheath
The word ‘sheath’ in connection with plasma was introduced by Irving Lang-
muir [40] to describe the thin region of strong electric fields formed by space
charge that joins the body of the plasma to its material boundary. Electrons
in plasmas are much more mobile (higher temperature, lower mass) than
ions which both move randomly with thermal velocities when no external
forces are applied. The thermal velocity is given as function of their mass
and temperature

vth =

√
8kbT

πm
. (7)

Due to their higher thermal velocities, electrons initially leave the plasma and
migrate to the plasma discharge chamber walls, leaving an excess ion pop-
ulation in the plasma. Consecutively a positive space charge is developed
which starts to retard the electron losses and accelerate the positive ions
to the walls. Eventually a steady-state is reached such that the number of
electrons and ions leaving the plasma is balanced. All ions directed towards
the wall eventually fall on it, while electrons of lower energy than eΦw are
reflected. Ions are accelerated to the Bohm velocity (vB =

√
vbTe/mi) in the

plasma presheath due to a potential drop Φp = Te/2 in this plasma presheath.

In equilibrium the net current to a floating wall must be zero. This means
that ion and electron fluxes to the wall must balance one another. In the
absence of collisions the ion flux must be constant throughout the sheath and
is thus given by

Γi = nsvb (8)

and the electron flux at the wall is given by

Γe =
1

4
nsvth exp

(
eΦw

kTe

)
, (9)

where Φw is the potential of the wall with respect to the sheath-presheath
edge. Substituting for the Bohm velocity and equating the fluxes gives

ns

(
kbTe
mi

)1/2

=
1

4
ns

(
8kbTe
πme

)1/2

exp

(
eΦw

kbTe

)
(10)

Solving for Φw gives

Φw ≈
kTe
e

ln

√
mi

me

, (11)
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For hydrogen with M = 3 amu, one obtains ln (mi/2πme)
1/2 ≈ 3.4. Thus,

for H+
3 ions with initial energy Es = Te/2 at the sheath–presheath edge that

fall through a collisionless dc sheath to a floating wall would gain an energy
of E ≈ 3.9 · Te. A typical electron temperature of Te = 2 eV is expected
(appendix A.4) which results in an ion energy of E ≈ 7.8 eV

2.2.2 Generation of hydrogen ions and radicals

When particles collide, various phenomena may occur. For example, par-
ticles may change momentum, energy or neutral particles become ionized.
Collisions conserve momentum and energy meaning that the total momen-
tum and energy of colliding particles before and after collisions are equal.
There are two main categories of collisions occurring in plasmas, elastic or
inelastic collisions.

Elastic collisions
One speaks of an elastic collision when the internal energies of the colliding
particles does not change. This type of collision affects the conductivity, mo-
bility, diffusion and shape of the electron energy distribution (EEDF) and
can occur between all types of particles. Although the total kinetic energy
is conserved, kinetic energy is generally exchanged between particles. An
important quantity is the energy transfer between colliding particles given
by

T =
4m1m2

(m1 +m2)2
E0 sin

θ

2

2

, (12)

where E0 is the initial kinetic energy, m1,2 the particle masses, and θ the
scattering angle. This shows that energy transfer between particle of similar
masses are most efficient. Here, the effect of the particle electric field is not
included.

Inelastic collisions
In an inelastic collision process the sum of kinetic energies is not conserved.
Most inelastic collisions involve excitation or ionization which only occur
when sufficient energy is transferred to change the internal energy of the
particle. From conservation of energy one can write the following relation,

1

2
m1v

2
1 +

1

2
m2v

2
2 =

1

2
m1u

2
1 +

1

2
m2u

2
2 + ∆E (13)
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where v1,2 and u1,2 represent the initial and final velocities of the colliding
particles and ∆E the net change in the internal particle energy as result
of collision. There are hundreds of different collision processes in hydrogen
plasmas [33]. However, their cross sections vary by orders of magnitude,
therefore the amount of relevant reactions can be reduced. The most signif-
icant inelastic collisions processes can be categorized to following groups:

Ionization e+H/H2 → 2e+H+/H+
2

Metastable excitation e+H/H2 → e+H∗/H∗2
Radiative excitation e+H/H2 → e+H/H2+hv
Dissociation e+H2 → e+2H
Recombination e+H+/H+

2 → H/2H+hv
Dissociative electron attachment e+H2 → H+H−

Collisional parameters
An important collision parameter is the mean free path, defined as the dis-
tance over which the uncollided flux decreases to 1/e of its initial value. This
quantity is given by

λmfp =
1

ngσ
,

where σ equals the collisional cross section, and ng the gas density. Cross
sections for various plasma species’ are given in fig. 5a. From this, the mean
free path is calculated (fig. 5b), which is done for a background gas at room
temperature and a pressure of 1 Pa. As λ ∝ 1/p, one can simply obtain the
mean free path at any desired pressure.

Hydrogen atoms can be produced by various reactions, e.g., collisions of
molecular hydrogen with electrons, ions or electronically-excited metastable
neutrals. Reactions involving electron-ion collisions give relative low yields
of hydrogen atom production in case of low plasma densities. Cross sections
for dissociation and ionization processes upon electron impact on hydrogen
molecules are given in fig. 4 as function of electron energy. The electron
impact dissociation process of a hydrogen molecule has a lower onset energy
compared to ionization of molecular hydrogen. To obtain the collision quan-
tities in a plasma one integrates over the velocity distribution of the particles.
The rate constant is given by

K(T ) = 〈σ(v)v〉v. (14)
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Usually one takes a Maxwellian distribution (eq. 6) to describe the electron
energy distribution function. Using this relation one can estimate the ra-
tio ions to radicals. For low energetic electrons (Ee < 27 eV) dissociation
processes are more frequent than ionization, as a result hydrogen radicals
are abundant. For the given electron energies (up to 60 eV) H+

2 ion forma-
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Figure 4: Electron-impact cross sections for dissociation and ionization in a
hydrogen plasma. Data obtained from [78]. Including a 7th order fit func-
tioning as a guide to the eye.

tion is about an order of magnitude more likely than H+ ion formation [78].
Hence, mainly H+

2 ions are created. However, collision of the H+
2 with H2

background gas creates H+
3 ions within a microsecond at 5 Pa H2 pressure

[1, 50]. Therefore, presence of the H+
3 ion is dominant.

2.2.3 Diffusion of ions and radicals

Diffusion describes the spread of particles through random motion. In the
absence of an electric field one can directly obtain the diffusion law which
relates the particle flux to the density gradient,

Γ = −D∇n (15)

known as Fick′s law, which holds for radical transport as they are insensi-
tive to electric fields. It postulates that the flux goes from regions of high
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concentration to regions of low concentration, with a magnitude that is pro-
portional to the concentration gradient. The diffusion coefficient for radicals
in a molecular hydrogen environment is described by kinetic theory [34]

Db =
3kbT

8pσ2
12

(
kbT

2π

(
1

mH

+
1

mH2

))1/2

(16)

with mH the atomic hydrogen mass, mH2 the molecular hydrogen mass, p
the gas pressure, and σ12 the H-H2 collisional cross section.

When considering charged particles, electrons are much more mobile than
ions and tend to flow out the plasma faster than ions do. In order to main-
tain the flux balance Γe = Γi an electric field must step in to compensate.
This is induced when few more electrons than ions initially leave the plasma
and set up a charge imbalance. This finite electric field affects the diffusion
rate for both ions and electrons. This concept is known as ambipolar diffu-
sion and one can derive this coefficient by starting with a flux balance for
the diffusive particles. In the absence of a magnetic field this is given by

Γ = ±µnE−D∇n, (17)

where µ is the mobility constant which describes the drift velocity of charged
particles under the impact of an electric field and is calculated separately for
each species by

µ =
|q|
mvm

, (18)

with charge q and momentum transfer frequency vm. The transport coeffi-
cients µ and D are related by the Einstein relation:

D = µ
kT

|q|
= µT (19)

Now, the assumption is made that imbalances in fluxes and densities are very
small, ne ≈ ni and Γe ≈ Γi. Solving the flux balance (eq. 17) for the electric
field yields

E =
Di −De

µi + µe

∇n
n
, (20)

where the diffusion coefficient for ions and electrons are designated, as it
contains a mass term. Substituting this value of E back in the flux relation
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for ions results in

Γ = −µiDe + µeDi

µi + µe
∇n = −Da∇n, (21)

where Da is the ambipolar diffusion coefficient given by

Da =
µiDe + µeDi

µi + µe
(22)

The ambipolar diffusion coefficient can usually be simplified by noting that
µe � µi in a weakly ionized plasma. Given this, one can simply eq. 22 using
the Einstein relation to the following form:

Da ≈ Di(1 +
Te
Ti

) (23)

From this it follows that the ambipolar diffusion coefficient is tied to the
slower species, in this case the ions, and is increased by a term proportional
to the ratio of temperatures. In the usual case of a weakly ionized plasma,
Te � Ti one finds Da ≈ µiTe, ions and electrons both diffusive at a rate that
greatly exceeds the the ion free diffusive rate. More specific, the diffusion
coefficient for H+

3 ions in 5 Pa H2 is given by [52]

Da = a+T
(T + Te)

p
(24)

with a+ = 0.00285 cm2s−1 Torr K−2; T the gas and ion temperature.

2.3 Radical and ion wall recombination

The wall is a loss mechanism for both hydrogen radicals and ions. However,
the loss mechanism differs for the different species. The hydrogen ions gain
an electron upon wall collision and neutralize, and are re-emitted as neutrals
in the form of an atom and/or molecule.

When a gas phase hydrogen atom arrives at a surface it adsorbs, i.e. a bond
between atom and surface is formed. Depending on the nature of this bond,
two cases are distinguished: physical and chemical adsorption. Physisorp-
tion is a result of the Van der Waals interaction between atomic hydrogen
and surface. This force originates from the attraction between induced elec-
tric dipoles. Physisorbed species may diffuse in the direction parallel to the
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Figure 5: a) Cross section of plasma species’ collision (H, H+, H+
2 , and H+

3 )
with H2 background gas, data from [78]. b) Mean free path at 1 Pa and
background gas at room temperature calculated using cross sections from
[78].

surface. The energy barrier that atoms need to overcome in order to hop
between neighbouring physisorption sites is obviously smaller than the des-
orption energy. Atomic hydrogen has an unpaired electron and may therefore
efficiently form a chemical bond with the surface. In contrast to physisorp-
tion, formation of this chemical bond is possible only on specific places on
the surface which are called chemisorption sites. Atoms are trapped on ac-
tive chemisorptions sites and can not move along the surface like physisorbed
species do. Two mechanisms of surface processes exist: Eley-Rideal (E-R),
the reaction takes place by direct impact between gas phase species and ad-
sorbed species, and Langmuir-Hinshelwood (L-H) that proceeds via diffusion
on the surface. A schematic representation of both reactions can be found in
fig. 6. The result of these interactions is the loss of gas phase atoms which
can be characterized by the recombination probability (γ). That is the prob-
ability that incident atomic hydrogen atoms recombine on the surface with
the formation of volatile molecular hydrogen. The recombination probability
is material specific.
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Figure 6: Schematics of Langmuir-Hinshelwood (L-H) and Eley-Rideal (E-R)
mechanisms.

2.4 Atomic hydrogen detection methods

In the introduction of this thesis some atomic hydrogen detection techniques
were briefly discussed. This subsection gives a more elaborate description of
those techniques.

2.4.1 VUV absorption spectroscopy

Atomic hydrogen in the ground state has a series of spectral transitions given
by the Lyman series. These transition lines lie in the ultraviolet part of the
electromagnetic spectrum, hence the name vacuum ultraviolet (VUV) ab-
sorption spectroscopy. Transition between the different energy levels define
the series, from n = 1 to n = 2 is called Lyman-alpha, from n = 3 to n = 1
is called Lyman-beta, 4 to 1 is called Lyman-gamma, and so on. The greater
the difference in the principal quantum numbers (n), the higher the energy
of the electromagnetic emission. Because every species has absorption lines
at different wavelengths, it is selective for a single species’ concentration in a
plasma environment. Furthermore, this method could be applied to measure
the concentration of ozone in air [75], or atomic hydrogen in different plasmas
[64, 65, 66].

A schematic overview of the experimental setup is given in fig. 7. Light
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is emitted through the plasma where the atomic hydrogen species partially
absorb the light. After absorption it almost instantly re-emits this light at
the same wavelength as the incoming light. However, this light re-emission
is in 4π steradians, so only a small fraction reaches the detector. The light
that did not get absorbed passes through a lens and monochromator before
it hits the detector. The atomic hydrogen density can be derived from the
Beer-Lambert law given by:

I = I0e
−σ

∫ L
0 ndx

Here, I0 represents the light beam intensity transmitted, I the light intensity
received after passing through the medium, L is the path length of the light
beam through the medium, σ the cross-section of the attenuating species,
and n the number density of attenuating species.

Lamp

Lens Lens

Monochromator Detector

Plasma

121.6 nm

n=1
n=2

Figure 7: Schematic overview of the VUV-absorption setup

2.4.2 Catalytic probe

The recombination of hydrogen atoms forming a hydrogen molecule is an
exothermic process, releasing an amount of energy which corresponds to the
binding energy of a hydrogen molecule (∆H).

2 H (g) + M → H2 (g) +M ∆H = 4.5eV
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For this reaction to occur a third body (M) is required to dissipate the re-
leased energy to prevent consecutive dissociation. This can be in the form
of a gaseous hydrogen particle or a surface. The wall of the reactor and
the catalytic probe are able to function as this third body whereas in vol-
ume recombination losses are not relevant at pressure below 100 Pa [62, 21].
Therefore recombination reactions occur predominantly at the wall or cat-
alytic probe. The catalytic probe is based on the energy release upon re-
combination. This energy is shared between the third body and molecule.
Čadež et al. [51, 8, 24] measured the population of rovibrational excited
molecules leaving the surface of various materials. Even at roomtemperature
molecules up to the eight excited state were observed. However, the density
of molecules in this state was orders of magnitude lower than particles in
grounded or first excited state. Therefore, it can be assumed that all energy
released results in heating of the catalytic surface. The heating power (Q)
due to recombination is a measure of the atomic hydrogen flux to the surface.
The atomic hydrogen flux can be determined using the relation [12]:

φH =
2NAQ

Aγ∆H
.

Here, NA = 6.022 · 10−23 mol−1 is the Avogadro constant, A the surface area
of the probe, and γ the recombination coefficient which defines the ratio be-
tween the number of atoms recombining at the surface and the total number
of atoms reaching the surface.

In plasma environments the probe is not only heated due to recombination of
neutral hydrogen atoms, but also due to absorption of light quanta, recom-
bination of charged particles, and bombardment of the surface with positive
ions. A catalytic probe immersed in hydrogen plasma therefore gives inac-
curate results [49].

Therefore a probe with two sensors is designed as depicted in fig. 8. The
sensors differ in their catalytic activity: one sensor has a platinum surface
which has a high catalytic activity whereas the other, made of aluminum
oxide, has little catalytic activity. So both sense the same heating from the
plasma, but only one of the sensors experiences additional heating due to
atomic hydrogen recombination. This allows to quantify the heat flux due to
recombination of atomic hydrogen.
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𝛾 ≈ 1𝛾 ≪ 1

𝑄𝑙𝑜𝑤

Δ𝑄 = 𝑄ℎ𝑖𝑔ℎ − 𝑄𝑙𝑜𝑤 = 𝑄2 − 𝑄1

Figure 8: Schematic overview of the double catalytic probe setup

2.4.3 Etching sensor

The etching sensor is introduced as a plug and play device to detect atomic
hydrogen. Its working principle is simple: some materials erode when ex-
posed to an atomic hydrogen flux. If the erosion rate is a known, continuously
rising function of the incident atomic hydrogen flux at a given temperature,
a measured etch rate can be translated to an incident flux. The number of
target material atoms removed per incident particle is known as the erosion
yield YH , which is used to translate erosion rates to incident particle fluxes.

When dealing with a plasma one has to face the fact that energetic parti-
cles are present such as ions which accelerate and gain energy in the plasma
(pre)-sheath and are likely to etch more efficient than atomic hydrogen. For
that reason, one has to suppress the energetic ion flux towards the detection
sample whilst maintaining a sufficient radical flux.

The most straightforward way of doing this would be to use biased grids
which repels the charged particle flux towards the sample. However, this is
not favorable as one would like to conserve the principle of a plug and play
device. The required cables and feedthroughs to supply the bias would add
complexity. An alternative way to block ions while transmitting radicals is
to place a cylindrical pipe on top of the sample as depicted in fig. 9. Plasma
species have to travel through this cylinder to reach the detection sample
and encounter wall collisions along the way. Ions neutralize upon ion-wall
collision, whereas atomic hydrogen bounces of the surface when using a ma-
terial of low catalytic activity. Experiments will point out how much ion
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Figure 9: Schematic overview of the etching sensor

suppression is required such that the erosion of the sample is dominated by
atomic hydrogen.

In this work carbon is used as target sample, as it is known to erode under
the exposure of atomic hydrogen [12, 6, 58, 17]. Furthermore contamination
of the vessel by carbon does not do any harm concerning the cleanness of
the vacuum vessel. At last, carbon growth forms a source of contamination
upon growth on EUV optics. From these etching experiments one can learn
more about carbon cleaning processes under exposure of hydrogen species.
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3 Carbon etching by hydrogen atoms and ions

In this section various aspects of carbon are discussed which is used as a
target sample in the etching sensor. The different carbon molecule bonds are
discussed in section 3.1. In section 3.2 the etching mechanism of carbon by
hydrogen plasma species is discussed including a literature survey on carbon
etching yields by atomic hydrogen. This yield is required to translate erosion
rates under atomic hydrogen exposure to a flux.

3.1 Carbon molecule bonds

Carbon is believed to be the basis of life; it is the most abundant element
in the earth’s crust. It comes in various forms such as diamond, graphite
and amorphous carbon, each having different physical properties. Over the
recent decades many more of its allotropes have been discovered covering all
possible dimensionalities of materials ranging from 3D to 0D, a feature that
has not been observed for any other element [44].

This diversity of carbon compounds and its allotropes is enabled by its elec-
tronic configuration and ability to take different bonding arrangements. Car-
bon is situated in the carbon group of the periodic table along with silicon
(Si), germanium (Ge), tin (Sn), lead (Pb), and flerovium (Fl). In IUPAC
notation, this is called Group 14. All elements in this group have 4 valence
electrons free to bond covalently with other elements. The ground state elec-
tronic configuration of carbon is given by 1s2 2s2 2p2. Both of the outermost
s and p-orbital consist of two valence electrons.

Carbon has the ability of mixing atomic orbitals to form new hybrid orbitals
suitable for the qualitative description of atomic bond properties. This hy-
bridization process is able to form two types of covalent bonds around the
atom; sigma (σ) bonds are the strongest type of covalent bonds [63] and
are formed by head-on overlapping between atomic orbitals. Overlapping
P-orbitals result in pi (π) bonds which are the weaker bonds. During hy-
bridization one of the outmost s-orbital electrons is promoted to the p-orbital
resulting in the electronic configuration 1s2 2s1 2p1

x 2p1
y 2p1

z. Mixing the elec-
trons of the S-orbital with three P-orbitals in four identical hybrid orbitals
is known as sp3 hybridization. Electron repulsion favors a tetrahedral shape;
the bond angles are 109.5◦ apart from each other. This strong four σ-bonds
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arrangement is responsible for the structure of diamond. Forming a configu-
ration where the S-orbital merges with two P-orbitals results in three strong
σ-bonds known as sp2 hybridization. This leaves 1 unhybridised P-orbital
π-bond which is orthogonal to the coplanar σ-bonds that are arranged in a
trigonal geometry with a 120◦ separation angle. Graphite is a typical ex-
ample of a sp2-hybridized structure. It is composed of layers of graphene
stacked together by orthogonal π-bonds. Some disordered structures have
a combination of sp3 and sp2 hybridized bonds such as amorphous carbon
(a:C). The sp3 hybridization is responsible for mechanical hardness in three
dimensions, and high density whereas the sp2 hybrids provide properties
such as: conductivity, optical properties and mechanical strength along one
or two dimensions. The third type hybridization, known as sp1, results from
a mixture of a single σ-bond and two π-bonds.

Figure 10: Ternary phase diagram of bonding in amorphous carbon-hydrogen
alloys [54].

3.2 Etching mechanism

The removal of carbon by atomic hydrogen is well studied. It has been and
is a topic of interest in the field of EUV lithography and nuclear fusion.
Although both parties have opposite motives. Carbon is used as a wall
material in nuclear fusion reactions and its removal is undesired, whereas in
lithography machines carbon is considered as contamination and removal is
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desired. This sections covers the different kind of mechanisms which describe
this erosion process.

3.2.1 Chemical erosion

When an a−C:H film is exposed to a flux of hydrogen atoms the target
surface erodes via hydrocarbon formation, mostly methyl [30]. A scheme
of reaction steps as proposed by Horn et al. is presented in fig. 11. An
important step in chemical erosion is the conversion of sp2 to sp3 groups
through hydrogenation of unsaturated C atoms at the surface [5]. In some
situations dangling bonds are formed and subsequently passivated by an inci-
dent hydrogen atom forming a sp3 group. Consecutive incident of an atomic
hydrogen on a sp3 carbon site leads to production of a dangling bond and
a volatile hydrogen molecule (dehydrogenation). This dangling bond can
either be hydrogenated by another incoming hydrogen radical, which leads
back to a sp3 carbon site, or relax by split-off of a CH3 radical. The lat-
ter process results in a sp2 carbon site, which completes the cycle. Back
conversion from sp3 to sp2 groups occurs through hydrogen abstraction or
passivating a dangling bond. The hydrogen abstraction has a cross section,
however, which is one order of magnitude lower than for hydrogenation [4].
As a result there is a net increase in sp3 groups. The erosion rates for sp2

poor films are higher than for sp2 rich films. At temperatures above 600K
the erosion rate decreases. A radical site with only one attached hydrogen is
thermally unstable at this temperature and relaxes with a rate k−H through
split-off of a hydrogen atom, again forming a C–C double bond with a pair
of sp2 carbons [4, 30]. The central arrow in fig. 11 indicates the thermally-
induced desorption step which results in the release of higher hydrocarbons
and hydrocarbon radicals. This process only proceeds with the hydrogen al-
ready available in the material. It stops when all hydrogen is desorbed. For
a potential etching sensor it is therefore crucial to control or at least measure
the temperature of the etched sample.

A literature survey has been done towards carbon erosion yields by atomic
hydrogen whose results are presented in fig. 12. The most worrisome obser-
vation is the dependence of the etching yield on the flux. In order for the
etching sensor to work, there should be a clear relation between erosion rate
and the incident flux. Donnely et al. observed the strongest flux dependence,
furthermore the yield varied orders of magnitude compared to the others. A
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Figure 11: Scheme of reaction steps of the chemical erosion of hydrocarbon
films through interaction with atomic hydrogen. Left-hand side: hydrogena-
tion sequence; central arrow: thermally-induced desorption; right-hand side:
hydrogen-induced chemical erosion step via a dangling bond. According to
Horn et al. [30].

1015 1016 1017 1018 1019

Flux (cm-2s-1)

10-6

10-5

10-4

10-3

10-2

10-1

Y
ie

ld
 (

C
 a

to
m

s
 p

e
r 

H
0
)

Bra2012, a-C, T=300K

Crijns2014, a-C, T=312K

Don1997, graphite, T=334K

Don1997, graphite, T=778K

Don1997, graphite, T=1073K

Figure 12: Carbon erosion yield by atomic hydrogen, data from literature:
Don1997 [17], Schluter2008 [58], Crijns2014 [12], and Bra2012 [6].
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possible explanation for this would be due to the different type of carbons
samples used, Donnely used graphite whereas the others used (hydrogenated)
amorphous carbon. Furthermore, Donnely used a plasma source to generate
the radicals. The contribution of the ions to the erosion process is neglected
based on the work by Hsu [31] who reported erosion rates for 50-eV H ion
etching of graphite which were considerably lower than the atomic hydrogen
erosion rates Donnely observed. This assumption may be incorrect and the
observed erosion rate may not be governed solely by hydrogen radicals.

The work of Crijns is carried out on the same experimental setup as used
in this work [12]. Furthermore, carbon samples were ordered by the same
manufacturer. For this reason it is believed that a similar etching yield comes
forward from cross calibrations.

3.2.2 Physical sputtering by ions

Physical sputtering is driven by momentum exchange upon collision between
energetic ions and target material atoms. Incident ions knocks target atoms
off their equilibrium sites, causing the atom to move through the target and
setting off a collision cascade. When the transferred energy exceeds the
sputtering threshold energy, target atoms are ejected from the surface. The
erosion rate can be characterized by a statistical number which describes
the mean number of emitted target atoms per incident ion. This number
is known as the sputtering yield Y and depends on various aspects such as
incident ion energy, experimental geometry, characteristics of sample and
incident particle. Monte Carlo processor TRIM (”Transport of ions in mat-
ter”) is a popular simulation software for predictions of sputtering yields.
Physical sputtering yields of carbon by H+ impact are shown in fig. 13.
TRIM simulation results show that physical sputtering does not occur for
ion energies below 100 eV (Y = 2.6·10−4 for E = 100 eV). The threshold
energy Eth for physical sputtering may also be calculated using the empiri-
cal relation[20, 18] Eth = [7 · (M2/M1)−0.54 + 0.15(M2/M1)1.12]ESB, with the
surface binding energy ESB = 7.4 eV for carbon [18], M1 being the projectile
mass (hydrogen) and M2 the target mass (carbon) taken from [11]. From
this, a treshold energy Eth = 32 eV for the sputtering of C from a-C:H is cal-
culated. These ion energies are not realized in the RF ICP setup or in EUV
induced plasmas, therefore no erosion due to momentum impact is expected.
The H+

3 ions are the most abundant species in the RF ICP plasma, which in
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Figure 13: Physical sputtering yield of carbon, with surface binding energy
ESB = 7.4 eV and atomic mass MC = 12.011, by hydrogen ions (H+, MH+ =
1.008) incident perpendicular to the sample. Data obtained from TRIM
simulations [82].

addition have higher masses closer to the target mass and thus are likely to
sputter more efficiently. However, the same principle holds: their energies do
not exceed the threshold energy, which makes erosion by momentum impact
implausible.

3.2.3 Synergistic etching

Carbon films are subject to various species in a plasma environment. Each
species can have its own contribution to the erosion of the film, moreover the
species can even combine forces. This is called synergistic etching.

Ion-assisted chemical erosion
Chemical erosion of carbon by atomic hydrogen can be enhanced by simulta-
neously exposing the substrate to a flux of ions. The energy of ions is hereby
below the physical sputter threshold. When the ions transfer sufficient ki-
netic energy for the erosion of a CH3 (or higher CxHy) radical group, but do
not break any bonds themselves, the process is called ion-assisted chemical
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erosion [25, 16].

Chemical sputtering
Chemical sputtering and ion-assisted chemical erosion are comparable pro-
cesses. However in case of chemical sputtering the incident ions do break
carbon bonds within their surface penetration depth. Newly formed dan-
gling bonds are immediately passivated by incident hydrogen radicals cre-
ating hydrocarbon groups that eventually desorb. Breaking C-C and C-H
bonds requires around 3-5 eV, with a required energy of the incident ion
at least a few eV’s higher [53]. The sputter yield is reported to be 10−3 −
101 depending on ion energy and incident flux [55, 56, 45, 42]. For a poten-
tial etching sensor, it is therefore required to prevent ions from reaching the
etched sample.
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4 Diffusive transport of labile species in a

cylindrical tube

Chapter 3 showed that ions are more efficient in etching of an a-C layer than
radicals. So in order to translate the etch rate into a flux of atomic hydrogen,
ions need to be prevented from reaching the carbon surface. One way of doing
this is using a so-called low gamma tube as discussed in sec. 2.4.3. In this
section the diffusion and heterogeneous reaction of labile species in a cylinder
of (in)finite length are examined. The pressure in the system is sufficiently
low that atom loss by three-body recombination reactions in the volume are
negligible compared to heterogeneous surface recombination reactions. Under
these conditions the atom concentration in the cylinder is governed by the
balance between diffusion and atom removal by heterogeneous reactions at
the catalytic surface.

4.1 Diffusive transport in a cylinder of infinite length

At first a cylinder of infinite length and radius R is considered. Two an-
alytical solutions are presented of the steady state transport of hydrogen
radicals.

4.1.1 1D density profile

A first order approach is to neglect the radial variation of the density profile
to describe the density decay along the axis of the infinite cylinder. The
geometry for this problem is given in fig. 14 where a steady flux enters a
cylindrical volume element spanned by radius R and height ∆z. Particles
are lost by surface recombination reactions in this source-free volume element
which is implemented in the following balance:

πR2[Ψ(z)−Ψ(z + dz)] = 2πR[Ψout,rad]dz. (25)

Fick’s law is applied to describe diffusion in the axial direction. Which states
that the particle flux due to diffusion is proportional to the concentration
gradient.

Ψz = −Ddn
dz
. (26)

Where D is the diffusion coefficient and n the particle concentration. Parti-
cles are lost by surface recombination reactions and the rate at which they
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Figure 14: Schematic presentation of cylindrical system used in analysis.

do is given by a statistical number which describes the amount of recombi-
nations per incident particle, this is known as the recombination coefficient
(γ). The out flux is given by:

Ψout,rad =
1

4
nvγ (27)

where v represents the thermal velocity (eq. 7). Substituting eq. 26 and eq.
27 in eq. 25 leads to the following equation

d2n

dz2
=

2γv

DR
n.

This equation is subject to the following boundary conditions: a flat density
distribution profile at the entrance n(z = 0) = n0 and the density goes to
zero at an infinite length n(z =∞) = 0, leading to the following solution.

n

n0

= e−z/λ.

Where the decay length (λ) is given by

1

λ
=

√
2γv

DR
. (28)
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4.1.2 2D density profile

In the next step the density profile does vary in the radial direction. That
is: solving the steady state diffusion equation in two dimensions. For a
diffusive flow in a cylindrical geometry with radial and longitudinal diffusion
the following steady state equation applies, neglecting gradients in pressure
and temperature:

D∇2n(r, z) = D

[
1

r

∂n

∂r
+
∂2n

∂r2
+
∂2n

∂z2

]
= 0. (29)

Where r the radial distance, and z the longitudinal distance. One may obtain
the solution to eq. 29 in the form:

n(r, z) = R(r)Z(z). (30)

Substitution of eq. 30 in eq. 29 and subsequent partition of radial and
longitudinal part of the equation which are set equal to constant −1/λ yields

1

Rr

dR

dr
+

1

R

d2R

dr2
= −1

λ
, (31)

for the radial part and for the longitudinal part:

− d2Z

dz2
= −1

λ
. (32)

Once again the solution to eq. 29 has to satisfy the boundary condition
n(z =∞) = 0, which yields the following solution to eq. 32.

Z(z) = C1e
−z/λ. (33)

Rearranging eq. 31 in the form of the Bessel differential equation yields

r

R

dR

dr
+
r2

R

d2R

dr2
+
r2

λ
= 0. (34)

The solution to this equation is given by zeroth order Bessel functions. The
second kind (Y0) is singular in the origin and can be neglected

R(r) = C2J0

(
r

λ

)
. (35)
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Merging eq. 35 and eq. 33 in eq. 30 results in the final solution

n(r, z) = n0e
− z
λJ0

(
r

λ

)
(36)

The relation between the diffusive flux to the wall and the concentration in
steady state is given by Fick’s law

−Ddn
dr

∣∣∣∣
r=R

= γnv/4. (37)

Substituting eq. 36 in 37 yields the following relation from which the decay
length λ can be determined.

R

λ

J1(R
λ

)

J0(R
λ

)
=
γvR

4D
(38)

In the lower limit: γvR
4D
� 1 it follows from Taylor series expansion around

R
λ

= 0 that the decay length equals 1
λ

=
√

2γv
DR

, which is the same as eq. 28

derived before in 1D. In the case: γvR
4D
� 1, 1

λ
≈ 1

R·4.8096(..)
. Furthermore, the

radial density distribution can be derived from eq. 36. In the situation where
the decay length is much larger than the tube diameter (λ� d) flat density
profiles are expected, and in case (λ � d) a peaked distribution profile is
expected.

4.2 Diffusive transport in a cylinder of finite length

In case of an etching sensor the assumption of an infinitely long cylinder
may be a wrong. Especially when the etching sensor surface, at the bottom
of the cylindrical pipe shows higher catalytic activity than at the cylinder
walls, influences of an end plate have to be taken into account. The problem
is similar to that presented in section 4.1, yet in this case the boundary
condition n(∞, r) = 0 is replaced with a Fick’s law boundary condition for
an end plate:

n(r, 0) = n0 (39)

∂n

∂r
(0, z) = 0 (40)

40



∂n

∂r
(R, z) = −n(R, z)/δR (41)

∂n

∂z
(r, L) = −n(r, L)/δ′R. (42)

Here δ(′) = 4D
γ(

′)vR
where γ and γ′ represent the recombination coefficient

on cylinder wall and end plate respectively, and v represent the thermal
velocity (eq. 7). As shown in the appendix, the solution which satisfies these
boundary conditions is given by

n/n0 = 2
∞∑
i=1

[ sinh(αi
L−z
R

) + δ′αi cosh(αi
L−z
R

)]J0(αi
r
R

)

αi(1 + δ2α2
i )J1(αi)[ sinh(αiL/R) + δ′αi cosh(αiL/R)]

, (43)

where the αi’s (table 3 in the appendix) are the roots of the equation J0(αi) =
αiJ1(αi). Here, J0 and J1 are Bessel functions of the first kind. The con-
centration of the labile species at the end plate z = L and r = 0 is given
by:

n/n0 = 2
∞∑
i=1

δ′

(1 + δ2α2
i )J1(αi)[sinh(αiL/R) + δ′αi cosh(αiL/R)]

. (44)

4.3 Diffusion in the Knudsen regime

The nature of gas flow through a pipe changes with gas pressure which sep-
arates the flow into three regimes. These regimes can be defined by the
Knudsen number which is a dimensionless number defined as the ratio be-
tween the species’ mean free path (λ) and the characteristic length scale of
the system, in this case the radius of the cylindrical tube (R).

Kn =
λ

R
, (45)

The three different regimes are given by:

1. Free molecular flow (Kn � 1). The mean free path of the flow is
greater than the characteristic dimensions of the pipe. Gas dynamics
are dominated by molecular collisions with the walls of the retaining
vessel or pipe. Diffusion in this regime is given by the treatment of
Knudsen [36]

DK =
dv

3
(46)

41



where d refers to the diameter of the cylindrical tube and v is the
thermal velocity.

2. Continuum Flow (Kn� 1). In this case, the mean free path is small
compared to the characteristic dimensions of the pipe. In this regime
the intermolecular collision are more frequent than wall collisions. Dif-
fusion in the continuum flow regime is also known as bulk diffusion and
the corresponding coefficient is [34]

Db =
3kbT

8pσ2
12

(
kbT

2π

(
1

mH

+
1

mH2

))1/2

(47)

with mH the atomic hydrogen mass, mH2 the molecular hydrogen mass,
p the gas pressure, and σ12 the H-H2 collisional cross section.

3. Transitional flow. When the mean free path and the characteristic
dimensions of the pipe are of the same order of magnitude both inter-
molecular and wall collisions are influencing the flow characteristics. In
this case the diffusion coefficient is typically described by the Bosan-
quet relation [80, 74], which describes how diffusivity depends on the
bulk and Knudsen components when both wall and molecule collisions
redirect paths:

D =

(
1

Db

+
1

DK

)−1

. (48)

Monte Carlo based simulations are used to verify whether the Bosanquet re-
lation is a good approximation to describe diffusion in the transitional flow
regime. This type of simulation does not use assumptions on the diffusion
coefficient. Atomic hydrogen densities in and near a cylindrical tube were
simulated until it reached steady-state. This is done with Direct Simula-
tion Monte Carlo (DSMC) and Particle-In-Cell (PIC) simulations for various
H2 background pressures with a fixed recombination coefficient on wall and
bottom plate of γ = 10−2 and a given geometry. The effective diffusion coef-
ficient was retrieved by fitting the density profile along the longitudinal axis
of the tube using eq. 43, with the diffusion coefficient as a fitting parameter.
The results are presented in fig. 15.
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Figure 15: Deff · p at T = 300 K versus Knudsen number for atomic hydro-
gen species in a hydrogen environment traveling through a cylindrical tube.
DSMC and PIC simulations are used to retrieve Deff , and the Bosanquet
relation is used as a theoretical approximation.

Deviations between PIC and DSMC in the Deff ·p coefficient are observed
for decreasing Knudsen numbers, where bulk diffusion becomes more domi-
nant. These deviations are most likely due to different collisional cross sec-
tions: DSMC uses species’ radii to calculate collision cross sections whereas
in PIC experimentally obtained cross sections are plugged in. In this figure
the Bosanquet relation is used with eq. 47 and eq. 46 plugged in. The
atomic and molecular hydrogen masses are obtained from [11], cross-sections
from [78], and T is set at room temperature. Altogether, approaching the
diffusion coefficient in the transitional regime using the Bosanquent relation
gives a reasonable approximation.
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5 Experimental setup and method

In this section the experimental setup, method, and diagnostic tools are
introduced and discussed. A schematic representation of the experimental
setup is depicted in fig. 16.

Figure 16: Schematic representation of the experimental setup including:
(1) hydrogen radical generator, (2) plasma source, (3) stage heater including
sample, (4) thermocouple, (5) VUV absorption spectroscopy setup, (6) H2

gas inlet including PID controller, (7) RFEA, and (8) mass flow controller.

The hydrogen radical generator is set up as a source of solely hydrogen
radicals used to measure the transmission of radicals through the cylindrical
tube. The ion transmission is measured using an retarding field energy an-
alyzer to detect the ions and the plasma source to generate them. At last,
VUV absorption spectroscopy is used for cross-calibrations of the sensor.

5.1 Si-SiO2-C samples

All carbon samples have been prepared on a 1′′ silicon wafer by magnetron-
sputtering. This is a physical vapor deposition process that involves ejection
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Figure 17: Schematic representation of physical vapor deposition process.
Atoms are ejected from the sputtering target due to impact by energetic
particles. Released particles deposit on the substrate creating a thin film.

of material from a target source onto the wafer substrate. Usually a chamber
is filled with an inert gas like argon. This gas is then ionized and positively
charged argon ions are accelerated towards a negatively biased target result-
ing in the bombardment of energetic ions sputtering the target and releasing
target atoms. These released target atoms diffusive through the chamber
and deposit on the wafer, creating a thin film. Typically a carbon film of 30
nm is deposited, samples were ordered at Philips INnovation services (PINS).
The argon plasma is confined close to the sputtering target by strong elec-
tromagnetic fields resulting from a magnetron. In that way, damage to the
wafer substrate is minimized. Furthermore, argon functions as a buffer gas
slowing down energetic ions.

Some sanity checks need to be performed in order to make sure that the Si-
SiO2-C sample is applicable as an etching sensor. Such as checking whether
atomic hydrogen etching can be observed in the setup at all, and if etch rates
are reproducible. For this, the carbon wafer is exposed to a constant atomic
hydrogen flux produced by the hydrogen radical generator (introduced in
section 5.4) at a 50 sccm H2 flow rate and T = 1900◦C filament temperature.
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Figure 18: Carbon film exposed to a constant atomic hydrogen flux produced
by the HRG at a 50 sccm flow rate and filament temperature of T = 1900◦C.
The film thickness is measured ex-situ using a spectroscopic ellipsometer.

Film thickness measurements by an ellipsometer (see section 5.2) are con-
ducted ex-situ pre- and post-exposure. The results are given in fig. 18. The
linear behavior as function of time indicates reproducibility on a single sam-
ple. From the slope of the linear fit follows an etching rate of (0.95 ± 0.02)
nm/h. Error margins are due to thickness measurements by the ellipsome-
ter. This should be repeated for multiple samples and etch rates that follow
from linear fitting should be compared to further investigate reproducibility.
The work of Crijns [12] was carried out on the same setup under comparable
conditions, where an etching yield of Y = (2.05 ± 0.77) · 10−5 is reported.
Using this etching yield results in an atomic hydrogen flux of φH = 1.15 ·1017

cm−2 s−1.

5.2 Ellipsometer

Ellipsometry is a non-invasive optical diagnostic for investigating dielectric
properties of thin films. It is used to characterize film roughness, thickness,
electrical conductivity among many other material properties [10, 38]. The
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ellipsometer consists of a source which emits light at a well defined polariza-
tion. Upon reflection on the sample light experiences a change in polarization
due to film material properties. The reflected light is collected by a detector
which compares it to an appropriate (multi-layered) model that describes the
interaction of the light with the film. The complex reflection ratio, ρ, of a
system is quantified by the amplitude ratio Ψ and the phase difference ∆
and its relations is given by:

ρ = tan(Ψ)ei∆.

Note that the ratio or difference between two values are measured, making
ellipsometry very robust, accurate, and reproducible. The change in the po-
larized light can posses information about layers that are even thinner than
the wavelength of the probing light itself.

A J.A. Woollam M-2000 ellipsometer is used to measure carbon sample thick-
nesses with a sub-nanometer accuracy and a spot diameter of 500 µm. This
is done ex− situ pre- and post exposure to determine erosion rates.

Light source Detector

Analyzer

CompensatorCompensator

Polarizer

Sample

Figure 19: Schematic representation of the spectrometric ellipsometer.

5.3 Low gamma tube

When measuring atomic hydrogen fluxes with an etching sensor in a plasma
environment one has to face the fact that energetic particles are present
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Figure 20: CAD drawings of the chimney including three cylindrical holes.

such as ions which accelerate in the plasma (pre)-sheath and are likely to
etch more efficient than atomic hydrogen. For that reason, one has to sup-
press the energetic ion flux towards the detection sample whilst maintaining
a sufficient radical flux. In this work the low gamma tube is presented as
an potential ion suppressor whilst maintaining a sufficient atomic hydrogen
flux to the etching sample. The low gamma tube is made of a cylindrical
piece of material which consists of three drilled holes of varying diameters.
CAD drawings of the tube are presented in fig. 20. The low gamma tube is
made of Macor R© which is an easy machinable glass-ceramic. This dielectric
material is a composition which mainly consists of silica (SiO2), magnesium
oxide (MgO), and aluminum oxide (Al2O3). No literature data was found
concerning recombination coefficients of hydrogen radicals on such material.
However, similar recombination coefficients are expected for comparable ma-
terials such as Pyrex, quartz and aluminum oxide. Recombination coefficients
for these materials are listed in table 1.

The chimney has a 1′′ diameter, to match the size of the carbon wafer.
It consist of three holes simply to increase the number of data points per
exposure. Furthermore, chimneys of different lengths were used: 2.5, 5, 10,
20, and 30 mm all consisting of three holes with a diameter of 2.5, 5 and 10
mm.
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Table 1: H0 recombination coefficients for hydrogen radicals on different
materials.

Material Recombination coefficient γ Reference
Pyrex 7.5 · 10−4, 7 · 10−4, 10−3, 5 · 10−5,

5 · 10−3, 9.4 · 10−4

[76], [46],[60], [35], [77], [23]

Quartz 5·10−3, 5·10−3, 7.5 · 10−4 [22], [77], [23]
Al2O3 5·10−4, 6 · 10−3, 2.3 · 10−3 [22], [13], [61]

5.4 Hydrogen radical generator

One way of producing hydrogen radicals is by suspending a hot filament in
a hydrogen environment. When the filament has reached a certain temper-
ature hydrogen molecules start to dissociate at the filament surface forming
radicals. In this work a tungsten (W) wire is used with a 0.25 mm diameter
and 5 windings with a diameter of 1.5 mm. The filament is connected to a
power supply (Delta Elektronika, ES 030-10), which allows control over the
filament temperature by altering the output power, which is measured using
a pyrometer. Typical operating temperatures lie in the range 1600-1900 ◦C.
As mentioned earlier, tungsten starts to evaporate at temperatures above
2000 ◦C. Within the operation temperatures contamination due to evapora-
tion is avoided. The collective: filament, gas nozzle and power supply form
the hydrogen radical generator (HRG), illustrated in fig. 16 by (1). The
distance between filament and sample is roughly 20 centimeters. During ex-
posures the temperature of the sample is monitored with a thermocouple.
Temperatures lie around 30-40 ◦C, depending on H2 gas flow and filament
temperature.

Temperatures of the tungsten filament are measured using the Raytek Marathon
MR Infrared Sensor Model MR1SCCF. This model is able to measure tem-
peratures in the range 1000-3000◦C, non-contact across a viewport in the
vacuum vessel. The pyrometer is operated in 2-color mode which uses two
separate wavelength bands to determine the temperature. This makes the
sensor independent from absolute radiated energy values which might be re-
duced by the window in the vessel. The sensor has an optical resolution
of 130:1, thus when measuring 20-30 cm from the filament the spot size is
about 1.5 mm. The temperature of filament is not constant over its length.
In order to stay consistent, all measurement are performed in the center of
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the filament.

5.5 Radio frequency inductively coupled plasma source

In an inductively coupled plasma (ICP) energy is supplied by electric cur-
rents produced by time-varying magnetic fields in a coil. The electromagnetic
RF (13.56 MHz) fields created by the antenna initiate and sustain a plasma
inside the chamber, where the pressure is typically a few pascal. Throughout
exposure stable pressures are desired to maintain a constant particle flux,
as this quantity is pressure dependent. Therefore one wants to monitor and
control the pressure. This is done using a PID controller that uses a control
loop feedback mechanism which continuously monitors an error e(t) as being
the difference between the desired set point and measured process variable
and applies a correction in order to reach the desired set point pressure.

The CCR Technology GmbH plasma source has a built-in tunable matching
network which contains resonant circuits with variable capacitors to match
impedance and hence maximize power transfer efficiency to the plasma. The
discharge is excited at an internationally reserved radio frequency (RF) of
13.56 MHz. To prevent overheating of the coils water cooling is used. The
remote plasma source is placed right on top of the vacuum chamber as de-
picted in fig. 16, and expands in the underlying chamber. A tungsten grid
with 10 mm mesh size separates the plasma source from the vacuum cham-
ber. Plasma source and the bottom of the vessel are roughly 30 centimeter
apart.

5.6 Retarding field energy analyzer

The retarding field energy analyzer (RFEA) is an electrostatic probe to mea-
sure the flux and kinetic energy distribution of ions incident on a plasma
facing surface. It typically consist of three thin wired meshed grids and a
Faraday cup at the end to detect beam currents. The layout of a typical
RFEA is illustrated in fig. 21. The first grid, which faces the plasma, is
grounded (G) and shields the plasma. In order to achieve this, the mesh
spacing of the grid should be smaller than the Debye length. The repeller
(R) is the grid which rejects any electrons, either primary electrons coming
from the plasma or secondary electrons created by photon, ion or electron
impact on the grids. The last grid is the suppression (S) grid, which func-
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tions as a high-pass energy filter. When a charged particle passes grids it is
captured by the collector, which is a Faraday cup that measures beam cur-
rent. Secondary electrons may be generated by ion impact in the collector
but for a given geometrically design these electrons cannot escape. This is
done in the form of a high aspect-ratio cylinder where the depth is much
larger compared to the entrance radius.

Figure 21: Design of a typical retarding field enery analyzer (RFEA), con-
sisting of series of three grids: ground (G), repeller (R) and sweeping (S). At
last, a collector plate to measure the beam current.

The energy distribution of ions is obtained by increasing the potential of
the sweeping grid stepwise while measuring the beam current on the Faraday
cup, which results in the typical I−V curve. Subsequently, differentiation of
this curve (dI/dV ) gives the ion energy distribution. From this, the energy
spread and average ion energy can be derived. When plotting the I-V curve
two asymptotes can be observed, one at low bias voltages where all ions are
collected and the other at high bias voltages where all ions are deflected by
the sweeping grid. The numerical difference of these asymptotes (∆I) is a
measure for the amount of ions reaching the Faraday cup per second. From
this, the ion flux can be calculated using the following relation:

Γion = C∆I/e,
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where e is the elementary charge, and C the calibration factor which includes
the surface area of the probe, transmission of the grids (Tg). Here, the optical
transmission of the grids is used for Tg, as it is assumed that ions travel in
straight lines through the series of grids. The RFEA system used in this work
is the Semion single sensor from Impedans The probe used in this work has
a mesh size of approximately 50 µm and Tg = 75%, both determined using
an optical microscope. Grid voltage range goes from -2kV to +2kV and the
detection circuit is able to detect pA currents.

5.7 Vacuum ultraviolet absorption spectroscopy

The vacuum ultraviolet (VUV) absorption spectroscopy equipment is at-
tached using two aligned ports on the vacuum vessel, as depicted in fig. 16.
The light source is offered by Resonance Ltd. which emits Ly-α line emission.
The lamp is a compact 24 W RF source which has a mixture of hydrogen
and helium gas inside the light bulb. The lamp has a heater that can control
the operation mode: line emission (low temperature), molecular emission
(medium temperature) of continuum (high temperature). The emission from
the lamp is collimated to a parallel beam by a MgF2 lens into the vessel.
Light is captured by a McPherson monochromator and photomultiplier after
it traveled through the vacuum chamber and passes a second MgF2 window
which is used to prevent contamination from entering the monochromator.
The signal from the PMT is amplified by a factor 106 by an amplifier that is
powered by a HV supply. The output from the amplifier is measured using
an oscilloscope which is connected to a PC which registers the photon count,
which is ultimately used to determine the absorption.

52



6 Experimental validation of an atomic hy-

drogen flux sensor for plasma diagnostics

In a hydrogen plasma environment both radicals and ions are responsible
for surface erosion of carbon, where ions have a presumable stronger contri-
bution, as discussed in section 3.2.3. When interested in solely the radical
contribution one needs to suppress the ion flux to the target sample. One
way of achieving this is using a so-called low gamma tube (hereinafter ”chim-
ney”), as presented in sec. 5.3. It is made of Macor which is presumed to
have a low recombination coefficient for atomic hydrogen (γ � 1). On the
other hand, ions colliding at the wall gain an electron and neutralize, forming
a hydrogen molecule and/or atom (γ = 1). In this chapter the experimen-
tal validation and characterization of the chimney as ion filter is presented
(section 6.1 and 6.2). Cross-calibrations using vacuum ultraviolet absorption
spectroscopy are presented in section 6.3. Ultimately, the etching sensor is
deployed to measure atomic hydrogen fluxes in a hydrogen plasma environ-
ment and results are compared with heat flux sensor and vacuum ultraviolet
absorption spectroscopy measurements in section 6.4.

6.1 Hydrogen ion and atom transmission through cylin-
drical tubes

The first validation step is to check whether the chimney is able to suppress
ions to a greater extent than radicals. This subsection presents experimen-
tally obtained transmissions of hydrogen atoms and ions through a Macor
cylindrical tube in the transitional regime (Kn ∼ 1).

6.1.1 Atomic hydrogen transmission

The transmission of atomic hydrogen through a cylindrical Macor tube is
determined experimentally as function of various tube dimensions. This is
done by measuring atomic hydrogen concentrations at the entrance and exit
of the chimney, using carbon etching as a reference as illustrated in fig. 22b.
It is assumed that the atomic hydrogen concentration is proportional to the
carbon etch rate.

Atomic hydrogen is generated by suspending a hot tungsten (W) filament
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Figure 22: Schematic representation of experimental setup used to determine
the (a) ion transmission with a retarding field energy analyzer to measure ion
fluxes and an inductively coupled plasma to generate ions. (b) The radical
transmission using etching as a reference method and the HRG to produce
radicals.

(T = 1900 ◦C) in a 10 Pa H2 environment. Radicals are generated at the
surface of the filament and have to travel at least 20 cm before reaching the
entrance of the chimney, plentiful collisions take place along the way as the
mean free path at this pressure is roughly a millimeter. Atomic hydrogen
species are therefore assumed to be in thermal equilibrium with the hydro-
gen molecules. Temperature measurements are performed nearby the carbon
sample using a thermocouple, where it reaches up to approximately 40 ◦C.
It is assumed that the sample shares the same temperature.

Experimental results are presented in fig. 23 indicated by scatter points
which are connected by straight lines as a guide to the eye. Here, the trans-
mission is defined as the ratio in etch rates between two sample at both
ends of the chimney, as depicted in fig. 22b. Error margins follow from
evaluation of the material thickness as measured by the spectroscopic ellip-
someter. The etching profiles are rather flat as discussed in the next section
and shown in fig. 27. Therefore, the average material thickness is used. A
typical exposure takes approximately 20 hours such that sufficient material
is etched. The ground rule is to etch at least 5 nanometers for accurate
spectroscopic ellipsometer readings. As expected, higher transmissions are
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observed for larger tube diameters and a decrease in transmission for increas-
ing tube length, both due to an increase in radical-wall collisions. In general,
relatively high atomic hydrogen transmissions are observed, which is one of
the requirements of the chimney. Chapter 7 compares these experimental
results with theoretical predictions presented in chapter 4.
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Figure 23: Hydrogen radical transmission as function of the Macor tube
length. Atomic hydrogen is generated by suspension of a hot tungsten (W)
filament (T = 1900◦C) in a 10 Pa H2 environment.

6.1.2 Hydrogen ion transmission

This subsection presents experimentally obtained ion transmissions through
cylindrical Macor tubes. An inductively coupled RF (13.56 MHz) plasma
is used to generate ions, typically operated at a few pascals and a plasma
power of 500 W. The transmission is determined by measuring ion fluxes
with and without chimney on top of the retarding field energy analyzer, as
illustrated in fig. 22a. The distance between chimney and expanding plasma
source is such that the plasma can be considered fully developed: ion fluxes
do not vary significantly within a small volume at the bottom of the vacuum
chamber where the retarding field energy analyzer and chimney are situated.
During measurements the following bias voltages were applied on the grids
of the retarding field energy analyzer: VG: grounded, VR: −60V, VS: −20V
→ 60V, and VC : −40V. For high positive bias voltages on the sweeping grid
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Figure 24: Ion transmission through the chimney (Macor : [A-C] and alu-
minum: [D-F]) measured with an RFEA for various pressures and tube di-
ameters. Theoretical prediction (eq. 44) with γ(′) = 1, T = 300 K, and D
the ambipolar diffusion coefficient (eq. 24).

one would expect no ions to pass, hence measuring no current or a small
offset. The offset observed however was significant and dependent on plasma
parameters. It has been shown that this was due to secondary electrons in-
duced by energetic photons leaving the ion collector of the RFEA, more on
this in appendix A.2. However, this offset can be considered constant in the
sweeping voltage range and thus does not impact the measured ion flux.

Ion transmissions for various chimney dimensions are given in fig. 24. This
is done for a Macor chimney (insulator) and aluminum chimney (conduc-
tor). Incident ion fluxes lie around 1014 cm−2 s−1 with average ion energies
around E = 5-10 eV, both are pressure dependent (see appendix A.2). The
plasma power is kept constant at 500 W throughout the measurements. Ex-
perimental results are presented by the scatter points which are connected
by straight lines as a guide to the eye, theoretical predictions, (eq. 44) with
γ(′) = 1, T = 300 K, and D the ambipolar diffusion coefficient (eq. 24),
are indicated by the dashed lines. It follows that these predictions are not
in line with experimental results. In this theoretical approach the diffusion
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equation (eq. 44) is used to describe the ion transport where the ions are
not considered as charged particles. It is needless to say that describing this
problem with the diffusion equation is incorrect. One should consider the
particles as charged, and thus have the ability to follow electric field lines.
Adoption of such in a theoretical prediction is not so trivial and one would
tend towards simulations to reproduce experimental results and gain more
insight in the ion transport.

It is remarkable that the experimentally obtained ion transmission is in-
dependent on tube diameter. One would expect this behavior for ballistic
ions, which arises when the plasma sheath forms a homogeneous layer over
the chimney. This occurs when the sheath thickness is larger than the tube
dimensions λsheath > d. The plasma sheath has typically a thickness of sev-
eral Debye lengths, which is a function of electron temperature and density.
Both quantities can be obtained experimentally using a Langmuir probe, this
is done and results can be found in A.4. Under typical exposure conditions (3
Pa, 500W) the Debye length is approximately λD ≈ 0.3 mm, this is measured
in the vicinity of the chimney. This yields a sheath thickness of a few mil-
limeters, which has the same dimension as the chimney. It is expected that
the plasma sheath dips in the chimney for a given diameter. At this point the
transmission would be dependent on the tube diameter, as a varying fraction
of the ions are accelerated to the chimney wall. However, the plasma sheath
length may increase in the chimney, once more resulting ballistic ions. This
is in case the electron density decays faster than the electron temperature
in the chimney. Which could explain similar transmission curves only if this
process takes place in the very beginning of the chimney.
The ion energies measured at the exit of the chimney and without the chim-
ney (”entrance”) are presented in fig. 38b, this is done for a Macor chimney
with dimensions L = 30 mm, r = 5 mm. It followed that no significant
differences are observed. It is likely that ions get accelerated at the entrance
of the chimney and travel through the chimney without undergoing collisions
as there mean free path is in the order of centimeters for 5 − 10 eV H+

3 ion
energies [78] with is in the same order of the chimney length. Explaining the
observed ion energies at the end of the chimney. For a better understanding
of the behavior of the plasma sheath formation and particle transport, future
work would include Monte Carlo type simulations.

It follows from fig. 24 that within the pressure range 1-5 Pa no significant
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pressure dependencies are observed, all deviations are within error margins.
In a first order approximation it followed that the decay length of labile
species scales with λ ∝

√
D (sec. 4.1). As the diffusion constant is inversely

proportional to the pressure one would expect a stronger decay for higher
pressures. This pressure dependence (λ ∝

√
1/p) pales in comparison with

the experimental error margins. However, this only holds for the diffusive
transport of particles. In reality ions might get accelerated in the plasma
sheath hovering over the chimney. Energetic H+

3 (E ∼ 10 eV) have a mean
free path of several centimeters in the given pressure range 5b, and therefore
might not undergo collisions when traveling down the chimney. However, it
is not certain whether ions get accelerated near the entrance of the chimney.
Concluding, the pressure independence is not obscure.

The ion transmissions for an insulating and conducting chimney are both
experimentally obtained. One would expect the more mobile electrons to
accumulate at the insulating chimney surface and negatively bias the cylin-
der walls. As a result, ions experience an attraction force which might alter
their trajectories when traveling down the chimney, potentially increasing
ion-wall collisions. In case of a conductor, electric field lines have to perpen-
dicular to the conducting wall, this is not the case for an insulated wall. As
a result, different shape of field lines could be expected for both cases, and
hence different ion trajectories. One would expect more ion-wall collision for
a conducting chimney. However, no significant differences are observed when
comparing the ion transmission for both tubes, suggesting that the different
shape of field lines have an insignificant effect on the transmission.

As mentioned, photon induced secondary electrons cause an offset in the
I − V curves measured by the retarding field energy analyzer. This offset is
considered as constant in the sweeping voltage range. However, this is not
entirely correct. Secondary electrons that are formed in the collector experi-
ence greater attraction for increasing sweeping bias voltages. As a result more
secondary electrons escape from the high aspect ratio collector geometry, re-
sulting in a ∆Iphoton which varies with discriminator potential instead of a
constant offset. The retarding field energy analyzer is not able to distinguish
between electrons leaving the collector and ions entering. When measuring
the current difference of both asymptotes of the I − V curve (typically at ±
30 V), one actually obtains ∆I = ∆Iion − ∆Iphoton. Thus underestimating
the actual ion flux. Generally this effect is small (∆Iion � ∆Iphoton) and
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can be neglected. However, ion fluxes decay faster than photon fluxes in
the chimney, see A.2. At a given chimney length photon induced secondary
electrons do become significant (∆Iion < ∆Iphoton). Therefore one can not
consider the offset as constant in all cases. As shown in A.2, this offset can
be eliminated by orientating the retarding field energy analyzer such that it
does not face the bright plasma source. The ion transmission is determined
for this setting and the results are presented in fig. 24[A-C]. No significant
differences are observed by changing the orientation of the retarding field
energy analyzer. Thus ∆Iphoton is of minor influence.

Another method to measure the ion decay is by etching of a carbon sam-
ple under hydrogen plasma exposure. However, this is more complex as it
is also responsive to atomic hydrogen. Etch rates are measured near the
entrance and exit of the chimney, analogues to fig. 22b. Yet, in this case a
plasma source is used instead of the hydrogen radical generator. The plasma
etching transmission is defined as the ratio in etch rates. It is unclear what
decay length to expect for the plasma etching transmission as it is uncer-
tain to what extent ions and radicals contribute to the erosion. However, it
follows from fig. 23 and 24 that ion decay lengths are shorter than radical
decay lengths. Thus, if the plasma etching transmission decay lengths are
larger than those measured by the RFEA, one would question the results as
presented in fig. 24. The comparison is presented in fig. 25. Similar decay
lengths are observed up to a tube length of 10 mm, hereafter the plasma
etching decay length increases. Which indicates that most etching comes
from the radicals. Concluding, the comparison does not put the RFEA re-
sults in doubt due to the fact that similar decay lengths by plasma etching
are observed.

6.2 Cylindrical tube as an ion suppressor

Transmission curves for both hydrogen radicals and ions are experimentally
determined for various chimney dimensions, yet the fundamental question
remains: when is the ion suppression sufficient such that carbon etching is
dominated by hydrogen radicals. It follows from fig. 25 that ions have a
significant contribution to the erosion of the carbon sample up to a chim-
ney length of 10 millimeter. Hereafter, carbon erosion by radicals becomes
more important. Yet, it is unclear at which chimney length carbon erosion
is governed solely by radicals. To answer this question, radical etching decay
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Figure 25: The erosion of a carbon sample by hydrogen plasma exposure is
used as a reference to compare the ion decay measured with a retarding field
energy analyzer, both for a Macor tube.

lengths from fig. 23 are compared with plasma etching decay lengths from
fig 25. Resemblance of these decay lengths would indicate whether etching
is governed by atomic hydrogen or not.

The temperature near the sample was measured for both exposures using a
thermocouple. Temperatures of 40 ◦C where reached for both cases, thus the
chemical erosion yield is expected to be equivalent. However, the HRG source
is operated at a H2 background pressure of 10 Pa, whereas the plasma source
at 3 Pa. In a first order approximation the decay length scales with the square
root of pressure (λ ∝

√
1/p), thus stronger decay is expected when running

the HRG source. The comparison of decay lengths is given in fig. 26, where
the transmission is defined as the ratio in etch rate between two samples, as
depicted in fig. 22b. An exponential function is fitted (a · exp[x/λ]) to this
data with decay length λ as a fitting parameter: λplasma = (14.6, 21.8, 41.3)
mm, λHRG = (61.3, 153.8, 170.4) mm for d = (2.5, 5, 10) mm respectively.
Plasma etching shows shorter decay lengths, whereas the opposite was ex-
pected in case etching was dominated by atomic hydrogen. In other words,
the chimney does not provide sufficient ion suppression.

An alternative way to indicate whether ions still contribute to the carbon
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Figure 26: Relative etching rates as function of Macor tube length in a
hydrogen plasma and atomic hydrogen environment. An exponential function
is fitted to retrieve decay lengths.

Figure 27: Carbon etch profiles measured using the spectrometric ellipsome-
ter for plasma species (a) and hydrogen radicals only (b). In both cases a
Macor chimney with length L = 30 mm and radius r = 5 mm was placed on
top of the carbon sample. See A.3 for comparison of the cross section of the
normalized etch profiles.
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erosion is by inspecting etching profiles. The radial density distribution of
atomic hydrogen species in a cylindrical geometry is characterized by a Bessel
function of the first kind J0[ r

λ
], this followed from derivations in chapter 4.

From these density distribution profiles one can predict etching profiles. For
materials of low recombination probabilities, such as Macor, flat etching pro-
files are expected when etching solely by atomic hydrogen. It is unclear
what kind of etching profiles to expect when ions are involved in the ero-
sion process. However, anything that deviates from a flat etching profile,
which is expected when erosion is governed by hydrogen radicals, would in-
dicate the presence of ions. Carbon samples are exposed to a plasma and
atomic hydrogen environment separately. During exposure a Macor chimney
of length L = 30 mm and radius r = 5 is placed on top of the sample. Etch-
ing profiles are obtained by measuring the sample thickness pre- and post
exposure using the spectroscopic ellipsometer and subtracting one from the
other, the results are presented in fig. 27. As expected, a flat etching profile
emerges when etching solely by atomic hydrogen. Furthermore, no erosion
is observed where the chimney covers the surface. The flat etching profile
is not observed, however, when exposing a carbon sample to a hydrogen
plasma. This suggests that ions still contribute to the etching of the carbon
sample, which also followed from etch rate decay length comparison. See ap-
pendix A.3 for comparison of the cross section of the normalized etch profiles.

It has become clear that the Macor chimney did not reach sufficient ion
suppression for the given exposure conditions such that etching of the car-
bon sample is dominated by radicals. The most straightforward approach
to enhance the ion suppression is to change the chimney’s dimensions, e.g.
increase its length or decrease the tube radius. However, this becomes im-
practical and therefore one prefers a more convenient solution. This is done
by introducing a bend in the tube, as depicted in fig. 28, which removes the
line of sight indicated by the dashed line. This geometry enforces ion-wall
collisions of ballistic ions, resulting in more ion suppression. This new chim-
ney has a height of L = 2 cm and radius of r = 2.5 mm.

Once again, ion fluxes were measured to determine the transmission. This
time the chimney including bend was placed on top of the retarding field en-
ergy analyzer. There were no observation above the noise level, implying that
for the given conditions at least three orders of magnitude of ion suppression
is achieved. This was done with the RF ICP source operating at 500 W for
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Figure 28: Chimney (left), chimney including bend (right) dashed line as a
guide to the eye showing that line of sight is removed.

a range of pressures (1-10 Pa). This level of suppression is at least a factor
ten more suppression compared to the chimney without bend. Once more,
etching decay lengths are compared to justify whether sufficient ion suppres-
sion is reached such that etching is dominated by atomic hydrogen. The
results are shown in fig. 29. Here, the chimney with bend is placed on top
of cylindrical chimneys in order to vary the length of the tube. This time,
both sources were operated at the same H2 background pressure of 5 Pa.
Similar decay lengths are observed, suggesting that sufficient ion suppression
is achieved. Furthermore, comparable etch rates are observed indicating that
both sources generate similar amounts of atomic hydrogen. In addition, etch
profiles are compared, this time flat etching profiles are observed for both
plasma and a solely hydrogen radical environment. On the grounds of these
observation it is concluded that the chimney including bend selectively sup-
presses ions whilst allowing a fair amount of radicals to pass. What remains
is to determine the actual atomic hydrogen transmission. This is done by
the method illustrated in fig. 22b, yielding a transmission of (0.85± 0.06).

6.3 Carbon etching sensor calibrations

Atomic hydrogen fluxes are obtained by translating carbon etching rates
under atomic hydrogen exposure to a flux. The relation between carbon
etching rate and atomic hydrogen flux is given by:

φH0 =
ER · ρC ·NA

Y ·MC

, (49)

where ER represents the carbon etch rate, ρC the carbon density, NA the
Avogadro’s constant, MC the molar mass of carbon, and Y the yield defined
as amount of carbon atoms removed per incident hydrogen atom. The latter
can be found in literature or follows from cross calibrations. Erosion yields
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Figure 29: Comparison of carbon etching decay lengths between hydrogen
plasma and HRG exposure for the chimney with bend and chimney on top.
An exponential function is fitted to this data with decay length as a fitting
parameter.

found in literature are presented in section 3.2.1. A wide range of yield values
are reported in the literature, depending sensitively on the structure of the
carbon layer. In this regard, the most useful erosion yield for the purpose of
the etching sensor is the one found in the work of Crijns [12], as the carbon
samples investigated come from the same supplier, and were made with the
same technique as the ones used in the present investigation. Crijns observed
a cleaning efficiency of Y = (2.05± 0.77) · 10−5 for cleaning with an atomic
hydrogen flux of 3 · 1016 to 3 · 1017 cm−2 s−1 measured with a recombination
sensor.

Vacuum ultraviolet absorption spectroscopy can be used for cross calibra-
tion of the carbon etching sensor to retrieve the carbon etching yield. The
VUV absorption spectroscopy technique measures line integrated densities.
In order to translate this to a spatially resolved density, a concentration pro-
file need to be plugged in which needs to be determined experimentally. The
hardware for a VUV absorption measurement is installed to the vacuum ves-
sel according to fig. 16. The vacuum vessel has a diameter of 30 cm, the
same length the light beam travels through the medium. In a first order ap-
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proximation the vacuum vessel is approached as an infinite cylinder, where
the radial density profile is given by J0( r

λ
). Simply assuming a flat distribu-

tion profile is incorrect. For a stainless steel vessel a peaked density profile
is expected. Therefore it is desired to obtain the density profile. This is
done experimentally by measuring carbon etch rates under atomic hydrogen
exposure at different positions below the VUV beam light path. That way
the density profile can be obtained. From this data, the line integrated etch
rate can be determined and used to derive the erosion yield (Y ) using the
following relation ∫ L

0

ER(x)dx = Y
vMC

4ρCNA

∫ L

0

n(x) dx. (50)

where L represents the integration length. The carbon etch rate is measured
at eight different positions in the vessel right below the VUV beam light
path. This is done by placing the 5×5 mm carbon samples on a 300×10
mm stainless steel strip. The influence of the presence of the carbon samples
including strip below the VUV beam on the measured line integrated density
is neglected. The carbon etch rate as function of sample position in the vessel
is presented in fig. 30. This data is fitted using a zeroth order Bessel function
of the first kind. This function only holds for a cylindrical geometry whereas
in reality ports in the vacuum vessel break the cylinder symmetry. However,
as can be seen from fig. 30, fitting the Bessel functions makes a reasonable
approximation. The dashed lines represent line integrated etch rates which
are used to calculate the erosion yield, together with the line-integrated den-
sity from the VUV measurement.

The HRG is operated at 1950◦C and the pressure is controlled with a PID
controller. Experiments ran for several hours such that a sufficient amount
of carbon was etched for decent thickness measurements by the spectroscopic
ellipsometer. VUV measurements were performed at two moments in time,
at the beginning of the exposure and at the end. This is referred to as Ypre
and Ypost in table 2 which lists the calculated etch yields obtained from the
line integrated densities measured at those moments in the exposure. An
average erosion yield of (2.04 ± 1.04) · 10−5 for an atomic hydrogen flux of
1017 cm−2 s−1 follows, which matches the erosion yield reported by Crijns
[12].
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Figure 30: Carbon etch rate by atomic hydrogen measured at different posi-
tions along the VUV beam light path. The markers represent experimental
data and are fitted with a first order Bessel function of the first kind.

Table 2: Carbon erosion yield (Y ) calculated as prescribed in eq. 50 where
subscript ”pre” and ”post” refer to the moments in time the VUV line inte-
grated density was measured. Including line-averaged etch rate and

P (Pa) Ypre (C/H) Ypost (C/H) Line-averaged etch
rate (nm/hr)

Line-integrated
density pre
(m−2)

Line-integrated
density post
(m−2)

5 2.42·10−5 3.83·10−5 0.19 1.202·1017 7.585·1016

10 1.40·10−5 1.93·10−5 0.26 2.880 ·1017 2.089·1017
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6.4 Measuring atomic hydrogen fluxes

In this section the etching sensor (Macor chimney including bend) is de-
ployed to measure radical fluxes in a hydrogen plasma environment, i.e. an
environment with both hydrogen atoms and ions. Etching rates are calcu-
lated using the spectroscopic ellipsometer to measure sample thicknesses pre-
and post-exposure. This etch rate is then translated into an atomic hydro-
gen flux using the erosion yield obtained from cross calibrations (sec. 6.3).
These results are subsequently compared with heat flux sensor and vacuum
ultraviolet absorption spectroscopy measurements. The heat flux sensor and
carbon etching sensor are positioned in the center of the vessel right below
the VUV beam path.

The VUV absorption technique measures line integrated densities which are
translated to a flux using the relation φH0 = 1

4
nvth, with vth the thermal

velocity at T = 300 K, and n the atomic hydrogen density at the center
of the vessel. Here the radical temperature has to be assumed in order to
construct the radical flux. This leads to an uncertainty however, the ther-
mal velocity scales with the square root of the temperature. As the radi-
cals undergo plentiful collisions when traveling down to the etching sensor
(dsource→sensor � λmfp) they are likely to share the gas temperature. Further-
more, one requires a density profile to translate the line-integrated density
to a spatially resolved density. Which is required to compare fluxes obtained
with the heat flux sensor and etching sensor at the center of the VUV beam.
Density profiles are obtained for the hydrogen radical source and are pre-
sented in fig. 30. Roughly 35% difference is observed between the radical
density at the center and the line-integrated density. However, the hydrogen
radical sensor tends more towards a point source whereas the RF plasma
source has a broader source region (∼ 15 cm), therefore flatter distribution
profiles are expected compared to those in fig 30. Furthermore, it has an
additional radical source term at the walls due to wall recombination of ions.
However, as discussed in section 2.2.2 there are more radicals generated than
ions, thus the source term from recombination on the wall is of minor influ-
ence. In this work the radical density profile in the RF plasma source is not
obtained, this would be a valuable next step in the cross-calibration.

The recombination coefficient of the heat flux sensor is picked such that
it matches the VUV absorption spectroscopy results. This resulted in a re-
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Figure 31: Comparison of different methods to measure atomic hydrogen
fluxes as function of plasma power at 5 Pa H2 background pressure.

combination coefficient of γ = 0.15 for atomic hydrogen on platinum. Which
is consistent with literature values of 0.25 and 0.06 found in [77] and [46] re-
spectively. However, this spread in recombination coefficients leads to large
uncertainties as the atomic hydrogen measured by the heat flux sensor is
inversely proportional to the recombination coefficient.

Experimental results obtained by the carbon etching sensor are presented
in fig. 31. Here, eq. 49 is used to translate carbon etch rates to atomic hy-
drogen fluxes using NA = 6.022(..) · 1023 mol−1 [67], Y = (2.04± 1.04) · 10−5,
MC = 12.0107 g mol−1 [11], and ρC = 2.267 ·10−6 g m−3 [11] for graphite like
carbon. Furthermore, the radical transmission (0.85±0.06) through the tube
has to be taken into account. All sensors show an increase in atomic hydrogen
flux for increasing plasma power. However, the etching sensor shows fluxes
that are lower than those measured with the VUV and catalytic sensors by
a factor four. This disagreement deserves more attention.

The vacuum ultraviolet absorption spectroscopy method measures only ground
state atoms. However, one might expect excited atomic hydrogen species in
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a plasma. In case a substantial fraction of the atomic hydrogen species
are excited one underestimates the radical density. This means the actual
atomic hydrogen flux is higher, which contradicts with the observed factor
four higher fluxes measured by the VUV absorption spectroscopy method.
Regarding the etching sensor measurements, it is conceivable that the yield
of hydrogen atoms depends on their excitation state. However, it is expected
that an excited hydrogen atom loses its excitation energy upon wall collision
when traveling down the chimney. Therefore one does not expect any change
in the etching sensor results, as only ground state atoms reach the sample.

The gas temperature when operating the plasma source might be underesti-
mated. The plasma source pumps 500 W of power into the gas which might
significantly heat up the gas well above room temperature. The radicals are
likely to share the gas temperature as they undergo plentiful collisions when
traveling from the source to the center of the vessel. In case of a higher
radical temperature, less absorption by the VUV absorption spectroscopy
method is expected. This is due to Doppler broadening of the line profile of
the absorption line, as a result the absorption cross section decreases. Thus
one overestimates the absorption cross section and underestimates the radical
flux. Once again, this effect does not explain the factor four higher atomic
hydrogen fluxes measured by the VUV absorption spectroscopy. Further-
more, in case of energetic hydrogen atoms one might expect higher etching
yields with respect to atoms at room temperature. This would results in
lower hydrogen flux estimates, which once again results in an increase of the
discrepancy.

For now, the discrepancy remains unresolved. A valuable next step in the
cross-calibrations is to measure the carbon etching yield by atomic hydrogen
in a plasma environment. This can be done using the same experimental
setup as presented in section 6.3 however, this time including the chimney
with bend. This allows for a comparison of the etching yields obtained using
the HRG and plasma source.
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7 Experimental method to measure atomic

hydrogen recombination coefficients on ma-

terials

In this section an experimental method is presented to examine the surface
recombination of atomic hydrogen. This chapter reviews different experimen-
tal methods to determine the atomic hydrogen recombination coefficient of
materials in the introduction. Section 7.1 discusses the experimental method
and data analysis to retrieve the recombination coefficient. In section 7.2
a sensitivity analysis is presented which determines the experimental range.
Ultimately, the recombination coefficient of atomic hydrogen on a Macor sur-
face is determined in section 7.3.

The catalytic efficiency of various materials has been studied extensively
[62, 41, 57]. There are various techniques used to determine recombination
coefficients.

One way of doing this is to measure the decay time of the hydrogen atoms
concentration when removing the source. In case wall recombination domi-
nates over volume recombination, the 1/e decay time τ of the radical density,
is given by τ−1 = 1

4
vthAchγH/Vch, where vth their thermal velocity, γH the

probability of surface recombination on the chamber walls, Ach is the total
area of the chamber walls, and Vch is the volume of the chamber. This is an
inconvenient method to determine recombination coefficients, as it requires
the vacuum vessel to be made out of the materials whose surface activity is
to be examined. Furthermore, presence of other materials might influence
the decay time.

Another method is to allow atoms to diffusive in a cylinder whose surface
activity is to be examined. Atom concentrations in the cylinder are measured
by a catalytic probe and the concentration decay along the longitudinal axis
is coupled to a recombination coefficient. In this study atomic hydrogen etch-
ing is used as a reference to measure relative atom concentrations. Which
is an attractive method as it does not require installation of any external
hardware. Furthermore, it measures relative atomic hydrogen concentrations
rather that absolute.
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7.1 Experimental method and data analysis

A diffusion method for investigation of surface recombination of hydrogen
atoms on surfaces is presented. Atoms are allowed to diffuse in a cylinder
whose catalytic surface activity is to examined. Hydrogen atoms are gen-
erated using the hydrogen radical generator, which solely produces radicals
(no ions). Furthermore, the operating pressure should be such that three-
body-collision can be neglected. The recipe is as follows:

i. Holes are drilled in a piece of material whose catalytic surface activity is
to be examined (analogously to fig. 20). This material with cylindrical
holes is then placed in a vacuum setup and subsequently exposed to a
beam of atomic hydrogen.

ii. Relative atomic hydrogen concentrations are measured as follows. Car-
bon samples are placed at the entrance and end of the cylinder, as de-
picted in fig. 22b and their etch rates are measured using a spectroscopic
ellipsometer. The ratio of the radical concentration is assumed to be
equal to the ratio of the etch rates.

iii. Step (ii) is repeated for various cylinder aspect ratios (L/R) and the
results are plotted versus the relative atom concentration.

iv. This data is fitted using Eq. 44 with δ(′) as fitting parameters. These
parameters are subsequently used to derive the recombination coefficient
using the Bosanquet relation for the diffusion coefficient (sec. 4.3).

7.2 Sensitivity analysis

The goal is to measure the catalytic surface activity of the tube material.
However when examining a material of low catalytic activity, atom concen-
trations are likely to be determined by the bottom plate, in case its catalytic
surface activity is higher. The concentration would be insensitive to the re-
combination coefficient of interest. To work around this problem one needs
a reference sample of lower catalytic surface activity, or increase the aspect
ratio of the cylinder such that the number of atom to wall collisions increase
and wall losses become more dominant. In an ideal case the concentration
is much more sensitive to the wall than the bottom plate and small changes
(∆) of the wall recombination coefficient result in an observable change in
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the relative atom concentration (ε),

n(δ, δ′, L
R

)− n(δ ±∆, δ′, L
R

)

n(δ, δ′, L
R

)
> ε, (51)

where ∆ is a measure for the uncertainty in δ, with δ(′) = 4D
γ(

′)vthR
. The

relative density n/n0 as function of δ and δ′ is given in fig. 32, which is
constructed using eq. 44. It follows that one becomes sensitive to a specific
range of wall recombination coefficient by varying the aspect ratio of the
cylindrical tube. As expected, when increasing this aspect ratio wall collisions
become more important and the recombination coefficient of a surface with
a low catalytic activity can be measured.

Figure 32: Sensitivity analysis of the relative density at the end plate as
function of the recombination coefficient on the wall (γ) and bottom plate
(γ′) according to eq. 44.

7.3 Determining the atomic hydrogen recombination
coefficient on Macor

In this section the atomic hydrogen recombination coefficient on Macor is de-
termined using the least square fitting method of the results presented in sec.
6.1.1. The experiment results are approximated using eq. 44 with γ and γ′ as
fitting parameters. Here, the Bosanquet relation is used to determine the dif-
fusion coefficients, atomic and molecular hydrogen masses are obtained from
[11], cross-sections from [78], and T is set at room temperature. Outcome of
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the least mean square

S =
n∑
i=1

(
Tmeasured([L,R]{i})− Tanalytical([L,R]{i}, γMacor, γCarbon)

)2

(52)

are presented in fig. 33. The objective function S has a minimum value for
γCarbon = 9.46 · 10−3 and γMacor = 5.95 · 10−4. There is a clear minimum
observed which can be used to determine the error margins on the obtained
recombination coefficients. However, determining these error margins is ar-
bitrary, one could argue the following margins: γCarbon = (9.46± 3.8) · 10−3

and γMacor = (5.95 ± 2.6) · 10−4. It follows that, in this case, the atom
concentration is sensitive to both bottom plate and wall which is dependent
on the aspect ratios used. The obtained Macor recombination coefficient is
consistent with values found in literature for comparable materials, which
are listed in table 1.

Furthermore, in fig. 34 the data from in fig. 23 is presented including eq. 44
with the recombination coefficients for Macor and carbon plugged in from the
least square method and the Bosanquet relation for the diffusion coefficient.
It follows that the analytical expression including obtained parameters result
in a good approximation.
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Figure 33: Least square analysis for fitting parameters γCarbon and γMacor

according to eq. 52. A minimum values was found for γCarbon = 9.46 · 10−3

and γMacor = 5.95 · 10−4.
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Figure 34: Experimentally obtained relative atom concentrations at the bot-
tom plate (transmission) versus the cylinder aspect ratio (L/R). This data is
fitted using eq. 44 with δ and δ′ as fitting parameters.
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8 Conclusions and discussion

8.1 Experimental validation of an atomic hydrogen sen-
sor for plasma diagnostics

The goal of this research was to find out whether an etching sensor is suitable
as a tool to measure atomic hydrogen fluxes for plasma diagnostics. In this
work carbon is used as an etching sensor which is known to erode under the
exposure of atomic hydrogen [6, 12, 17, 58]. The carbon etching sensor was
successfully deployed in a hydrogen plasma environment. It measures atomic
hydrogen fluxes by exposing a carbon sample to a flux of atomic hydrogen
and subsequently translate its erosion rate to the radical flux through the
known carbon etch yield per radical. Ions have far greater etch yield than
radicals: therefore ion suppression is required to ensure that the observed
carbon etch rate is dominated by radicals. This was accomplished by placing
a cylindrical tube on top of the carbon sample. It was shown that intro-
ducing a bend in this tube, which removes the line of sight between plasma
and sample (fig. 28), successfully suppresses the ions whilst maintaining a
sufficient radical flux to the sample (85%).

In this work the plasma environment is generated using a radio frequency
(13.56 MHz) inductively coupled plasma. Which produces ion fluxes of
Γi ≈ 1013 − 1014 cm−2 s−1 and energies of 5 − 10 eV (see A.2) are mea-
sured using a retarding field energy analyzer for 500 W of plasma power and
a H2 background pressure of typically a few pascals at the bottom of the vac-
uum vessel, fig. 16. Atomic hydrogen fluxes were measured in this plasma
and compared with other sensing techniques such as: vacuum ultraviolet
absorption spectroscopy and a heat flux sensor. Atomic hydrogen fluxes of
ΓH0 ≈ 1017 cm−2 s−1 with an accuracy of ±50% are measured for the same
operation conditions. Thus the atomic hydrogen flux is 103 times higher
than the ion flux for the given operation conditions. All sensors measured
the atomic hydrogen flux at the same position in the vacuum vessel, but
the VUV absorption spectroscopy method measures a line integrated density
which required a density distribution profile in order to spatially resolve the
atomic hydrogen flux. Similar trends were observed in the atomic hydrogen
flux as function of plasma power for all sensing methods. The magnitude of
these atomic hydrogen fluxes have been determined with a ±50% accuracy
and the results were within a factor two compared to the other techniques.
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8.2 A novel method to measure atomic hydrogen re-
combination coefficients on materials

During the investigation of the etching sensor, it was found that the radical
transport through tubes could be understood quantitatively. This finding led
to the introduction of a novel method to measure atomic hydrogen recombi-
nation coefficients on materials. This requires a material, whose surface ac-
tivity is to be examined, with cylindrical holes. Hydrogen atoms are allowed
to diffusive in this cylinder and their relative concentrations are measured
at the entrance and exit using carbon erosion as a reference. In this work
hydrogen atoms are generated on the surface of a hot tungsten filament by
dissociation of hydrogen molecules. The pressure was typically set at 5 Pa
such that volume recombination can be neglected. Removal of atomic hy-
drogen was governed by surface recombination on the cylinder and reference
sample. Relative atom concentrations are measured for various cylinder as-
pect ratios and fitted using an analytical expression with the recombination
coefficient as fitting parameters. The Bosanquet relation is used to describe
the diffusion coefficient in the analytical equation. Monte-Carlo type simula-
tions showed that this reciprocal relation is a good approximation to describe
the diffusion coefficient in the transitional regime (Kn ∼ 1).

The recombination coefficient of Macor was determined and found to be
comparable with literature values for similar materials. This method has
proven to be a simple tool to measure recombination coefficients for mate-
rials and can be used to determine the recombination coefficients of other
materials.

8.3 Outlook and recommendations

Application of the etching sensor
Ultimately one wants to use off-line plasma setups for testing materials to
be used in an EUV system, since EUV test rigs are expensive in opera-
tion. To design proper tests quantification of the ion and radical fluxes in
both setups are required. The etching sensor can play a role here. It has
been demonstrated that the etching sensor, using an amorphous carbon film
sputter-deposited on a silicon wafer, can be used to measure atomic hydrogen
fluxes in an RF ICP plasma, finding fluxes of 1020 − 1021 m−2 s−1. Further
work includes exposing the etching sensor to different types of exposure con-
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ditions and plasma sources.

Most importantly, because of its simplicity the sensor could be employed
to measure atomic hydrogen fluxes in an EUV scanner. However, prelimi-
nary PIC simulations have shown that radical fluxes in the order of 1017−1020

m−2 s−1 are expected EUV lithography tools. Since much lower fluxes might
be expected than those checked in this report, it is important to check if the
etch rate continues to scale linearly with the flux for low flux. This could be
done by another calibration with the hydrogen radical generator (HRG) and
the vacuum ultraviolet (VUV) absorption spectrometer, now using a much
lower HRG filament temperature. The VUV method has a lower detection
limit which expressed in a line integrate density of 3.5 · 1013 m−2. This cor-
responds to a radical flux of 1017 m−2 s−1 for radicals at room temperature
and an absorption length of 0.3 m, which should be sufficient.

In case the new calibrations show that the etch rate scales linearly as func-
tion of flux, then the etching sensor needs to be in the EUV machine for
several weeks to get a few nm of etching (for a flux of 1019 m−2 s−1), which
is the lower detection limit for accurate spectroscopic ellipsometer readings.
Therefore it is interesting to inspect different type of samples as a potential
etching sensor, e.g. tin [12], tellurium [70], and silicon [28] are known to
erode under atomic hydrogen exposure.

Measuring the atomic hydrogen catalytic surface activity of ma-
terials
Atomic hydrogen recombination coefficients are an important input parame-
ter in models to calculate the radical flux onto different surfaces in an EUV
machine. Therefore, this novel method is recommended to be applied to de-
termine the recombination coefficient for construction materials and mirror
coating materials in the EUV tool. Once again, different type of samples
should be inspected as a potential reference method to determine relative
atomic hydrogen concentrations. Samples with different recombination coef-
ficients allow to vary the sensitivity range.

Ion transport in small geometries
The ion transmission independence on tube diameter cannot be described
by a diffusive model. Monte Carlo type simulations could give more insight
in the behavior of the plasma sheath formation and ion trajectories inside
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the tube. Finally, the experiments should be repeated for different plasma
sources to see whether the obtained transmission depends on the plasma
source.

Synergistic etching
The idea of a ion suppressors allows to vary the ion to radical flux to a
surface. This can be used to investigate the synergistic etching effect of a
carbon sample by hydrogen atom and ion exposure. In fact, an investiga-
tion was started during this thesis work and preliminary results are shown
in appendix A.5.1. It is important to define what type of carbon is used as
the erosion strongly depends on the sp2/sp3 ratio. This can be evaluated by
X-ray photoelectron spectroscopy (XPS).
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Hall. Hydrogen recombination on metals: vibrational excitation of des-
orbed molecules. Zeitschrift für Physik D Atoms, Molecules and Clus-
ters, 26(1):328–330, Mar 1993. doi:10.1007/BF01429184.

79

http://dx.doi.org/10.1103/PhysRev.171.94
www.techpinions.com/apples-penchant-for-consumer-security/45122
www.techpinions.com/apples-penchant-for-consumer-security/45122
http://dx.doi.org/10.1016/0042-207X(95)00068-2
http://dx.doi.org/10.1016/0042-207X(95)00068-2
http://dx.doi.org/10.1063/1.465166
http://dx.doi.org/10.1063/1.4709408
http://dx.doi.org/10.1103/PhysRev.20.300
http://dx.doi.org/10.1007/BF01429184


[9] F.F. Chen. Langmuir probe analysis for high density plasmas. Physics
of Plasmas, 8(6):3029–3041, 2001. doi:10.1063/1.1368874.

[10] R. W. Collins. In situ ellipsometry as a diagnostic of thin film growth:
Studies of amorphous carbon. Journal of Vacuum Science Technology
A: Vacuum, Surfaces, and Films, 7(3), 1989. doi:10.1116/1.576289.

[11] J.S. Coursey, D.J. Schwab, J.J. Tsai, and R.A. Dragoset. Atomic weights
and isotopic compositions (version 4.1). [Online], 2015. URL: http:

//physics.nist.gov/Comp.

[12] V.M.C. Crijns. Hydrogen atom based tin cleaning. https://research.
tue.nl/en/studentTheses/hydrogen-atom-based-tin-cleaning,
2014.

[13] G. A. Curley, L. Gatilova, S. Guilet, S. Bouchoule, G. S. Gogna, N. Sirse,
S. Karkari, and J. P. Booth. Surface loss rates of H and Cl radicals in an
inductively coupled plasma etcher derived from time-resolved electron
density and optical emission measurements. Journal of Vacuum Science
& Technology A: Vacuum, Surfaces, and Films, 28(2):360–372, 2010.
doi:10.1116/1.3330766.

[14] D. Curreli I. A. Shchelkanov D. N. Ruzic K. R. Umstadter D. T. Elg,
J. R. Sporre. Magnetic debris mitigation system for extreme ultraviolet
sources. Journal of Micro/Nanolithography, MEMS, and MOEMS, 14:14
– 14 – 7, 2015. doi:10.1117/1.JMM.14.1.013506.

[15] J.D. Davis, G. Kyriakou, R. B. Grant, M. S. Tikhov, and R. Lambert.
Toward the in situ remediation of carbon deposition on ru-capped mul-
tilayer mirrors intended for euv lithography: Exploiting the electron-
induced chemistry. 111, 07 2007.

[16] J.W. Davis, A.A. Haasz, and P.C. Stangeby. Hydrocarbon formation
due to combined H+ ion and H0 atom impact on pyrolytic graphite.
Journal of Nuclear Materials, 155-157:234 – 240, 1988. doi:10.1016/

0022-3115(88)90246-2.

[17] C.M. Donnelly, R.W. McCullough, and J. Geddes. Etching of graphite
and diamond by thermal energy hydrogen atoms. Diamond and Re-
lated Materials, 6(5):787 – 790, 1997. doi:10.1016/S0925-9635(96)

00606-1.

80

http://dx.doi.org/10.1063/1.1368874
http://dx.doi.org/10.1116/1.576289
http://physics.nist.gov/Comp
http://physics.nist.gov/Comp
https://research.tue.nl/en/studentTheses/hydrogen-atom-based-tin-cleaning
https://research.tue.nl/en/studentTheses/hydrogen-atom-based-tin-cleaning
http://dx.doi.org/10.1116/1.3330766
http://dx.doi.org/10.1117/1.JMM.14.1.013506
http://dx.doi.org/10.1016/0022-3115(88)90246-2
http://dx.doi.org/10.1016/0022-3115(88)90246-2
http://dx.doi.org/10.1016/S0925-9635(96)00606-1
http://dx.doi.org/10.1016/S0925-9635(96)00606-1
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[20] C. Garćıa-Rosales, W. Eckstein, and J. Roth. Revised formulae for
sputtering data. Journal of Nuclear Materials, 218:8–17, January 1995.
doi:10.1016/0022-3115(94)00376-9.

[21] J. Geddes, R. W. McCullough, A. Donnelly, and H. B. Gilbody. Disso-
ciation of hydrogen in high-frequency discharges. Plasma Sources Sci-
ence and Technology, 2(2):93, 1993. URL: http://stacks.iop.org/
0963-0252/2/i=2/a=004.

[22] M. Green, K. R. Jennings, J. W. Linnett, and D. Schofield. Re-
combination of atoms at surfaces. Part 7.-Hydrogen atoms at silica
and other similar surfaces. Trans. Faraday Soc., 55:2152–2161, 1959.
doi:10.1039/TF9595502152.

[23] R. K. Grubbs and S. M. George. Attenuation of hydrogen radicals trav-
eling under flowing gas conditions through tubes of different materials.
Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and
Films, 24(3):486–496, 2006. doi:10.1116/1.2191862.
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A Appendix

A.1 Solving the diffusion equation for a finite cylinder

The diffusion equation is a well-known evolution equation and describes the
motion of particles by diffusion. Assuming there is no gradient in pressure or
temperature and taking the steady state solution. This results in following
diffusion equation:

∇2n(r, z) =
1

r

dn

dr
+
d2n

dr2
+
d2n

dz2
= 0. (A-1)

One may obtain a solution in the form

n =
∑

Z(z) · Y (r) (A-2)

where each term of the series is a solution to the differential equation. Sub-
stitution of Eq. (A-2) in (A-1) and rearranging the terms yields

Zzz/Z = −[Yrr + (1/r)Yr]/Y

This function of z may equal a function of r only if both are constant,

Zzz − (c/R)2Z = 0

and
Yrr + (1/r)Yr + (c/R)2Y = 0,

with the constant given by (c/R)2. Solution to these equations yields

Z = A exp(cz/R) +B exp(−cz/R) (A-3)

and
Y = MJ0(cr/R) +NY0(cr/R) (A-4)

where J0 and Y0 are Bessel functions of order zero of the first and second
kinds, respectively, and A,B,M , and N are constants determined by bound-
ary conditions which are, in case of a finite cylinder with end plate, given
by

nr(0, z) = 0, (A-5)

n(r, 0) = n0, (A-6)
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nr(R, z) = −n(R, z)/δR, (A-7)

nz(r, L) = −n(r, L)/δ′R, (A-8)

where δ is equal to 4D/γvR where v represents the thermal velocity, and
R the radius of the tube with length L. From eq. A-5 follows N = 0.
Furthermore, each term has to satisfy boundary condition eq. A-7, so that

MJ0(c) + cδMJ ′0(c) = 0,

or
J0(c) = cδJ1(c) (A-9)

Substituting all back into eq. A-2 one finds

n =
∞∑
i=1

[Ai exp(αiz/R) +Bi exp(−αiz/R)]J0(αir/R), (A-10)

where the αi(i = 1, 2, 3, 4...) are roots of eq. A-9. For boundary condition
given by eq. A-6.

n0 =
∞∑
i=1

(Ai +Bi)J0(αir/R) (A-11)

Now use the integral relations∫ R

0

(r/R)J0(αir/R)J0(αkr/R)d(r/R) =

{
0 for i 6= k
1
2
(1 + δ2α2

i )J
2
1 (αi) for i = k

and ∫ R

0

(r/R)J0(αir/R)d(r/R) = J1(αi)/αi

Now multiply A-11 by (r/R)J0(αkr/R) and integrate, one obtains

n0J1(αk)/α(k) =
1

2
(Ak +Bk)(1 + δ2α2

k)J
2
1 (αk)

or
Ak +Bk = 2n0/[αk(1 + δ2α2

k)J1(αk)] (A-12)

Similarly, for the boundary condition given by A-8 one finds that

(1 + αkδ
′)Ak exp(αkL/R) + (1− αkδ′)Bk exp(−αkL/R) = 0 (A-13)
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so that

Ak =
−n0(1− αkδ′) exp(−αkL/R)

αk(1 + δ2α2
k)J1(αk)[sinh(αkL/R) + δ′αk cosh(αkL/R)]

(A-14)

and

Bk =
n0(1 + αkδ

′) exp(αkL/R)

αk(1 + δ2α2
k)J1(αk)[sinh(αkL/R) + δ′αk cosh(αkL/R)]

(A-15)

Which gives a final solution of

n/n0 = 2
∞∑
i=1

[ sinh(αi
L−z
R

) + δ′αi cosh(αi
L−z
R

)]J0(αi
r
R

)

αi(1 + δ2α2
i )J1(αi)[ sinh(αiL/R) + δ′αi cosh(αiL/R)]

(A-16)

where the αi’s are the roots of the equation J0(αi) = αiJ1(αi), with J0 and
J1 are Bessel functions of the first kind. At z = L and r = 0 eq. A-16 can
be written in the form:

n/n0 = 2
∞∑
i=1

δ′

(1 + δ2α2
i )J1(αi)[ sinh (αiL/R) + δ′αi cosh (αiL/R)]

(A-17)

The contribution of the individual values of the summation in eq. A-17 are
presented in fig. 35 with αi’s as listed in table 3. This is done for L/R = 10,
which is the typical aspect ratio used in the experimental work presented in
this thesis. It follows that the first term has a much larger contribution than
the subsequent terms in the summation, the solution converges after the first
term. Thus one has to take only the first term into account, simplifying the
equation. In a further simplification, one can express the α1’s in terms of δ
using the first term of the Taylor expansion of δ = 1

α1

J0(α1)
J1(α1)

where α1 goes

to zero, which yields δ ≈ 2
α2
1
. Figure 36 presents both the roots of J0(α1) =

δα1J1(α1) and the Taylor expansion approximation, showing that this is a
reasonable approximation. Using these simplifications, one can rewrite eq.
A-17 to obtain

n/n0 =
2δ′

(1 + 2δ)J1(
√

2/δ)

[
sinh

(√
2/δL/R

)
+ δ′

√
2/δ cosh

(√
2/δL/R

)] .
(A-18)
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Figure 35: Analysis of the individual terms of the summation in eq. A-17
using the values for αi as presented in table 3. Using L/R = 10 which is
similar as used in the experimental work.

The same procedure can be followed to simplify eq. A-16. Individual terms
of the summation in eq. A-16 are calculated using the αi’s as presented in
table 3 and, once again, L/R = 10. The sinh(z) and cosh(z) terms behave
as an exponential function for z > 0. The term L−z

R
is maximum for z = 0,

for increasing z the denominator becomes more and more dominant than the
numerator. Thus if the solution converges for z = 0 it also converges for
values z > 0. Therefore, the absolute values of these terms at the entrance
of the cylinder (z = 0) are presented in fig. 37. It follows from fig. 37 that
when δ > 10 and δ′ > 10, the first term is a good approximation. Thus in
case δ(′) > 10 eq. A-16 can be simplified to the following form:

n/n0 =

2

[
sinh

(√
2
δ
L−z
R

)
+ δ′

√
2
δ

cosh

(√
2
δ
L−z
R

)]
√

2
δ
(1 + 2δ)J1

(√
2
δ

)[
sinh

(√
2
δ
L/R

)
+ δ′

√
2
δ

cosh

(√
2
δ
L/R

)] .
(A-19)
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Table 3: Numerically computer exact roots of J0(αi) = δαiJ1(αi)

αi δ = 1E-3 δ = 1E-2 δ = 1E-1 δ = 1 δ = 1E+1 δ = 1E+2 δ = 1E+3 δ = 1E+4 δ = 1E+5 δ = ∞
1 2.402421939 2.380901663 2.179496597 1.2558 0.4417 0.141244764 0.04471577 0.014141959 0.0044721 0
2 5.514560847 5.465207002 5.033211976 4.079477711 3.857709905 3.83431488 3.831966942 3.831732068 3.83170858 3.8318
3 8.645078726 8.56783165 7.956883417 7.155799175 7.029825234 7.017011922 7.015729208 7.015600924 7.015588095 7.0156
4 11.77974934 11.67473543 10.9363302 10.27098536 10.18329256 10.17445104 10.17356643 10.17347796 10.17346912 10.1735
5 14.91599536 14.78342086 13.95803045 13.39839749 13.33119511 13.32444246 13.32376699 13.32369944 13.32369269 13.3237
6 18.0530039 17.89313665 17.00987821 16.53115893 16.47670027 16.47123718 16.47069076 16.47063612 16.47063066 16.4706
7 21.19043877 21.00360098 20.08291063 19.66672779 19.62095572 19.6163683 19.61590949 19.61586361 19.61585851 19.6159
8 24.32813603 24.11469932 23.17095712 22.80395052 22.76447759 22.76052374 22.76012832 22.76008877 22.76008438 22.7601
9 27.4660063 27.22638726 26.26984148 25.94222884 25.90753224 25.90405813 25.90371069 25.90367595 25.90367209 25.904
10 29.37671749 29.08122177 29.05027103 29.0471728 29.04686296 29.04683198 29.04682853 29.047
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Figure 36: Numerically computed exact roots of J0(α1) = δα1J1(α1) and
approximate roots given by the first term of the Taylor expansion of δ =
1
α1

J0(α1)
J1(α1)

where α1 goes to zero which yields δ ≈ 2
α2
1
.
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Figure 37: Analysis of the individual terms of the summation in eq. A-16
using the values for αi as presented in table 3 at the entrance (z = 0). Using
L/R = 10 which is similar as used in the experimental.

A.2 Retarding field energy analyzer measurements

The Impedans Semion retarding field energy analyzer (RFEA) is used to
measure ion energy distributions of the H2 plasma generated with a 13.56
MHz operated RF ICP source. This is done at the bottom of the vacuum
vessel as depicted in fig. 16. Measured ion fluxes and peak energies are pre-
sented in fig. 38. Fluxes lie within the range Γi = 1017 − 1018 m−2 s−1 and
a maximum flux (Γi ≈ 1.1 · 1018 m−2 s−1) is observed at a H2 pressure of
approximately 1.5 Pa. Peak energies lie within the range 5− 10 eV.

In section 6.1.2 it was discussed that energetic photons generate secondary
electrons within the RFEA. Grids inside the energy analyzer are made of
tungsten which has a work function of 4.5 eV [7]. This requires UV photons
with a wavelength of λ ≈ 275 nm or lower for the generation of secondary
electrons.

To confirm that photons generate secondary electrons in the energy ana-
lyzer, a magnesium fluoride (MgF2) window with a thickness of 5 mm was
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Figure 38: RFEA measurement of a H2 13.56 MHz RF ICP source operated
at 500W performed on the bottom of the vessel as depicted in fig. 16.

placed on top of the energy analyzer to prevent charged plasma particles
to enter the energy analyzer. The transmission of the window can be ap-
proximated using literature references, it is believed that some UV photons
are transmitted through the window [68]. The I − V curve obtained by the
RFEA with MgF2 window on top is presented in fig. 39a. A plasma was
generated using an RF ICP source operated at 500 W with a few Pa of H2

background pressure.

As for all RFEA measurements presented in this thesis the following grid
bias configuration was used: Vg: grounded, Vr: -60 V, and Vc: -40 V. Three
different regimes in the I − V curve can be distinguished, as shown in fig.
39b.

1. Vs ≤ Vr: Some of the electrons generated on the sweeping grid reach
the collector which results in a positive current (positively charged
ions result in a negative current). When the sweeping bias voltage
approaches the repeller bias voltage an increase in current is observed.
More electrons are pulled towards the collector as the electric field,
due to the bias voltage difference, between repeller and sweeping grid
becomes negligible. A maximum is observed at the point where Vs = Vr.

2. Vr < Vs < Vc: The electric field induced by the bias voltage difference
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Figure 39: Secondary electrons generated by energetic photons inside the
retarding field energy analyzer, (a) the I − V curve with MgF2 window on
top of the RFEA and (b) a schematic of the different grid configurations.

diminishes for an increasing sweeping voltage, as a result less electrons
are attracted towards the collector. Moreover, secondary electrons start
to escape from collector which results in a negative current (similar to
ions reaching the collector).

3. Vc < Vs: Secondary electrons are attracted to the sweeping grid. As the
bias voltage on this grid increases, more and more secondary electrons
escape from the collector.

Furthermore, it follows that the measured current is pressure dependent.
The plasma is at its brightest at a pressure of 1 Pa, therefore it is believed
that most UV photons are generated at this pressure which results in more
secondary electrons. However, this should be checked with a spectrometer.

The retarding field energy analyzer is situated at the bottom of the ves-
sel and the plasma source on top of the vessel, as depicted in fig. 16. Most
light comes from the visually bright plasma source and much less is generated
in the volume of the vacuum vessel. Normally there is a line of sight between
plasma source and retarding field energy analyzer. This line of sight can be
removed by rotating the RFEA. The distance between source and RFEA (≈
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Figure 40: I − V curve measured by a retarding field energy analyzer for an
RF ICP plasma operated at 500 W with 5 Pa H2 of background pressure for
various orientations of the energy analyzer.

30 cm) is much larger than the mean free path of ions in the plasma (few
mm). Thus changing the orientation of the RFEA should not significantly
reduce the ion flux measured. However, the offset is expected to diminish
when removing the line of sight of the RFEA with the plasma source. The
I − V curves for different RFEA orientations are presented in fig. 40. It can
be seen that the ion flux (∆I) does not significantly change, but the offset
does. From this it can be concluded that photons do cause an offset in the
I − V curve. The magnitude of the offset could not be quantified as the UV
spectrum and and photo-electron yield is unknown. However, rotating the
RFEA by 90◦ prevents any problems by photon induced secondary electrons
as demonstrated in fig. 40.

When the RFEA does face the bright plasma source, a sweeping voltage
dependence (observed in 39a) in the photon induced offset of the I − V
curve may form a problem as discussed in section 6.1.2. Finally, the photon
transmission is estimated with the following model: photons are emitted at
a random angle from a disk with a radius of 10 cm (representing the bright
plasma source) distanced by 35 cm from the bottom of the cylindrical tubes.
The reflectivity of the inner-wall of the cylinder is set to zero. In reality, there
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might be some reflection of the energetic (UV) photons on the cylinder walls
which results in even higher transmissions. It follows from comparison of
fig. 41 with fig. 24 that the photons have a higher transmission through the
cylindrical tube than the ions. Thus one should take care when measuring
ion fluxes with the RFEA directed towards the plasma source.
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Figure 41: Calculated transmission of photons through a tube which are
emitted at a random angle from a disk (which represents the bright plasma
source) with radius of 10 cm distanced by 35 cm from the bottom of the
cylindrical tubes. The reflectivity of the inner-wall of the cylinder is set to
zero.

A.3 Etch profile

Etching profiles of a carbon film sputter-deposited on a silicon sample are
investigated under the exposure of hydrogen species. The profiles presented
in fig. 42 are cross sections of the etching profiles presented in 27 which
gives a clear view on the shape of the profile. More details on the exposure
conditions can be found in sec. 6.2.
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Figure 42: Etching profile comparison of a carbon film sputter-deposited on
a silicon sample with a cylindrical Macor tube on top (L = 30 mm, r = 5
mm) under exposure of hydrogen species.

A.4 Langmuir probe

In order to determine the Debye length the electron temperature and den-
sity needs to be quantified. The Langmuir probe is placed at the bottom
of the vacuum vessel where all chimney ion transmission measurements are
performed. The probe consists of a small cylindrical wire (L = 2 mm, r = 0.2
mm). Plasma was generated by an RF ICP source driven to 500 W at 13.56
MHz. The gas is H2 at 3 Pa. Probe I−V curves were taken with the Keithley
sourcemeter 2450.

According to Chen [9] the ratio of probe radius and Debye length (Rp/λDebye)
determines what collisionless theory to use to obtain the electron density from
the ion current. At 3 Pa H2 pressure the mean free path for 5 − 10 eV H+

3 ,
which is the most abundant species, is λmfp ≈ 3 cm [78]. The Debye length
is estimated at λDebye ≈ 1− 0.1 mm, taking Te = 2 eV and ne = 108 − 1010

cm−3 respectively. Thus one expects a collisionless sheath as the mean free
path is much larger than the sheath thickness which is typically a few Debye
lengths. Furthermore, the ratio Rp/λDebye is expected to be between 0.2− 2.
Therefore, according to Chen, the orbital motion limited (OML) theory ap-
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plies [48]. This theory gives the following approximate formula for saturation
ion current Ii to a negatively biased cylindrical probe:

Ii = Apnee

√
2

π

(
e(Vsl − Vp)

Mi

)1/2

, (A-20)

where Ap is the probe surface area (5.15 mm2), e the electron charge, Vp the
probe potential, Mi the ion mass, and Vs1 the ‘space’ potential far away from
the probe. Equation A-20 predicts that the I2

i − Vp plot should be linear, as
shown in fig. 43. The I2

i − Vp data is fitted using a linear function, from this
one obtains an electron density ne = 1.08 · 109 cm−3.

Next, it is assumed that the bulk electron distribution is Maxwellian, so
that

Ie = Apnee

√
kTe
2πm

exp

(
e(Vp − Vsl)

kTe

)
(A-21)

The ion current as given by the fitted line in fig. 43 is subtracted from the
raw current to obtain Ie. A semilog plot of Ie versus Vp is shown in fig. 43.
There is no unambiguous manner to fit the electron current Ie. From the
two fits presented in 43 electron temperatures: Te = 1.2 eV and Te = 2.5 eV
follow.

It should be noted that there is no RF compensation. The RF signal is
able to ”leak” through the grid which separates plasma source from vac-
uum vessel. This is verified by connecting the probe to an oscilloscope which
showed that RF signal was picked up. In the 13.56 MHz RF frequency regime
(ωp,i < ω � ωp,e) the positive ions hardly can follow the field oscillations in
the sheath. They feel an average voltage drop towards the electrode. There-
fore it is believed that the obtained Ii in fig. 43 is insensitive to the RF
oscillation which is used to determine the electron temperature. The more
mobile electrons however, react instantaneously to the time modulation of
the sheath voltage. This may influence the measured electron current Ie and
thus the electron temperature. However, the obtained value of Te ≈ 2 eV is
as expected. For H+

3 ions energies of E ≈ 3.9 · Te are expected (section 2.2).
Thus the Te ≈ 2 eV electron temperature would result in an ion energy of
E ≈ 7.8 eV, which is in agreement with the ion energies measured by the
retarding field energy analyzer presented in fig. 38b.
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Figure 43: Langmuir probe measurements in a 3 Pa H2 13.56 MHz RF ICP,
measured at the bottom of the vessel as depicted in 16. (A) raw I−V curve,
(B) I2

i −V curve used to obtain the electron density, and (C-D) Ie−V curve
to obtain the electron temperature.

A.5 Synergistic etching of carbon by hydrogen atoms
and ions

In this section an experimental method is presented to demonstrate syner-
gistic etching. A carbon film sputter-deposited on a silicon substrate was
exposed to a low energetic hydrogen plasma (5-10 eV). The concept of a
chimney was used to vary the hydrogen ion and radical flux to the carbon
substrate to study a potential synergistic effect.

A.5.1 Experimental method and setup

During synergistic etching incident ions create dangling bonds which are pas-
sivated by atomic hydrogen. The rate at which ions and radicals collaborate
is dependent on the ratio of the species [25, 29]. In this work an experimental
setup is presented to vary the ratio of species arriving at the carbon sample.
What followed from section 6.1.1 and 6.1.2 is that radicals penetrate deeper
into small geometries compared to ions which allows varying the species’ flux
as function of slit depth. This is done by placing two plates directly above
one another and shielding all sides but one, leaving a small slit open for par-
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C-sample strip

Figure 44: Experimental setup used to vary hydrogen ion and radical fluxes
for the investigation of synergistic etching of carbon by a low energetic hy-
drogen plasma. Presented is a side-view (left) and a top-view (right), the
carbon sample strip is placed on the lower stainless steel plate, indicated in
green.

ticles to enter. The bottom plate, colored green in fig. 44, is designed in such
a way that it allows for the installation of a retarding field energy analyzer,
which can be used to measure ion fluxes as function of slit depth and width.
The carbon sample strip (4×1” wafers in a row) is fixed on the bottom plate
which can easily be taken out of the vacuum vessel. The change in thickness
of the carbon layers is are measured ex-situ with an spectroscopic ellipsome-
ter, and this data is used to determine the etch rate as function of slit depth.
Which can consecutively be translated to an etch rate as function of species’
flux ratio.

It is believed that three regimes can be identified when varying the radi-
cal to ion flux ratio: ion dominated, radical dominated, and a synergistic
regime. These regimes can be identified when measuring etch rates as func-
tion of slit depth. In case that the etch rate decay length resembles the ion
decay length measured by the retarding field energy analyzer (RFEA) one
may assume that it is the ion dominated regime. The radical dominated
regime can be identified by using the hydrogen radical generator (HRG) etch
rates as a reference, similar to the method described in to sec. 6.2. Between
those regimes one might observe a synergistic etching regime where measured
etch rate is higher than the sum of the extrapolated etch rates of the indi-
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vidual species.

Plasma was generated using an RF (13.56 MHz) ICP source operated at
500 W and a H2 pressure of 5 Pa. The setup was placed in the vacuum vessel
such that the carbon samples were positioned right in the center of the vessel.
The measured ion fluxes (fig. 38a) and radical fluxes (fig. 31) do not hold
as the they are not measured at the some position or in the presence setup
presented in fig. 44. New measurements should be carried out to determine
ion and radical fluxes as function of slit depth and width.

A.5.2 Experimental results

The Si-SiO2-C samples, as presented in sec. 5.1, were exposed to a low en-
ergetic hydrogen plasma. Their etch rate is measured using a spectroscopic
ellipsometer as function of slit depth (ds), as shown in fig. 45. At every
point presented in this figure at least 3 nanometers of carbon was etched
to get a significant thickness reading. To make this possible samples were
subjected to several exposure and ellipsometer reading cycles. This was re-
quired because the sample has a thickness of only 30 nm and etching at the
entrance is much faster than further in the slit. An exponential function is
fitted around ds = 0 and ds = 4 cm, These fits should represent the ion
and radical dominated regime, but additional measurements are required to
confirm this. First, the ion decay in the slit should be measured with RFEA.
Second, the radical decay should be measured by exposing carbon samples
to hydrogen radicals, using the hydrogen radical generator, and measuring
the erosion rate as function of position in the slit. The dashed line represents
the sum of those fitted lines. The fact that the observed etch rate is higher
than the dashed line may indicate that synergistic etching takes place. How-
ever, the effect is minor and the outcome is strongly influenced by fitting
of the exponential functions. In this work it is stated that for the plasma
source the radical flux is 102 − 103 times more than the ion flux. Therefore
it is improbable that an ion dominated regime is observed. Dangling bonds
created are likely to be passivated by an incoming hydrogen atom. Thus the
dashed line may not resemble the sum of the individual species’ contribution.

Future work should include translating the slit depth to an ion to radical
ratio. This way an empirical model can be established which expresses the
etch rate as function of radical to ion ratio. It is suggested to use a source
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Figure 45: Carbon etch rate as function of slit depth (ds) for various slit
heights. An exponential function is fitted around ds = 0 and ds = 4 cm
represented by the red and blue line, the dashed line represents the sum of
those fitted lines.

which produces more ions than radicals in order to scan over a larger radical
to ion range and capture all three regimes. However, it should be noted that
hydrogen ions form a hydrogen molecule and or atom upon wall collision.
This new hydrogen atom source term (recombined ions) may produce a sim-
ilar amount of radicals as ions are incident to the wall, which changes the
radical to ion ratio. Furthermore, it is suggested to increase the slit height to
scale the ion and radical decay down. This way the etch rate decay is spread
out over a larger interval and the number of data points can be increased.

104


	Introduction
	EUV lithography
	The relevance of EUV-induced plasma in lithography machines
	Scope
	Outline

	Atomic hydrogen sources, theory and detection
	Thermal cracking of hydrogen molecules
	Hydrogen plasma
	Plasma parameters
	Generation of hydrogen ions and radicals
	Diffusion of ions and radicals

	Radical and ion wall recombination
	Atomic hydrogen detection methods
	VUV absorption spectroscopy
	Catalytic probe
	Etching sensor


	Carbon etching by hydrogen atoms and ions
	Carbon molecule bonds
	Etching mechanism
	Chemical erosion
	Physical sputtering by ions
	Synergistic etching


	Diffusive transport of labile species in a cylindrical tube
	Diffusive transport in a cylinder of infinite length
	1D density profile
	2D density profile

	Diffusive transport in a cylinder of finite length
	Diffusion in the Knudsen regime

	Experimental setup and method
	Si-SiO_2-C samples
	Ellipsometer
	Low gamma tube
	Hydrogen radical generator
	Radio frequency inductively coupled plasma source
	Retarding field energy analyzer
	Vacuum ultraviolet absorption spectroscopy

	Experimental validation of an atomic hydrogen flux sensor for plasma diagnostics
	Hydrogen ion and atom transmission through cylindrical tubes
	Atomic hydrogen transmission
	Hydrogen ion transmission

	Cylindrical tube as an ion suppressor
	Carbon etching sensor calibrations
	Measuring atomic hydrogen fluxes

	Experimental method to measure atomic hydrogen recombination coefficients on materials
	Experimental method and data analysis
	Sensitivity analysis
	Determining the atomic hydrogen recombination coefficient on Macor 

	Conclusions and discussion
	Experimental validation of an atomic hydrogen sensor for plasma diagnostics
	A novel method to measure atomic hydrogen recombination coefficients on materials
	Outlook and recommendations

	References
	Appendix
	Solving the diffusion equation for a finite cylinder
	Retarding field energy analyzer measurements
	Etch profile
	Langmuir probe
	Synergistic etching of carbon by hydrogen atoms and ions
	Experimental method and setup
	Experimental results



